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SECTION 1
INTRODUCTION

This report will focus no* only on a design for a pulse-to-
pulse polarization diversity modification of the Air Force
Geophysics Laboratory (AFGL) S-band Doppler weather radar, but
also upon the meteorological and technical re-uirements of such 4
radar. The theoretical aspects of and physical 1limitations
imposed by the polarization diversity requirement, detailed in
Section 2, are presented independently of this design and as a
result are applicable towards the development of any similar
system. The antenna modification, specified in Section 3, could
also be applied towards the general case, excepting the condition
imposed in this design that the present AFGL twenty-four foot
diameter reflector be retained. These two sections do support
the thesis that the system is constructible, but performance
would be slightly reduced from the anticipations of the
meteorological community. Formulae are developed to demonstrate
the various uncertainties for the system as a whole and the
antenna in particular. Trade~-offs between the various
meteorological measurement goals vs available and constructible
radio frequency components are presented in detail ih Section
4. A summary (Section 5) and lists of recommended componeunts and

vendors (Appendices A and B) conclude this report.
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SECTION 2
BACKGROUND

2.1 INTRODUCTION
Backscattered radar signals in general are characterized by

a scattering matrix of four complex coefficients which correspond
to the four possible transmit-receive polarization combinations
for a given pair of orthogonal antenna polarizations. The
diagonal terms correspond to transmitting and receiving with the
antenna polarization, e.g., L-L and V-V. The off-diagonal terms
correspond to receiving with an antenna polarized othogonal to
the transmit antenna polarization, e.g., L-R and H-V. These
coefficients are complex because they contain magnitude and phase
information. The diagonal terms are usually denoted by Sll and
Soo or Syy and Syy and the off-diagonal terms as S15 and Sg; oOr
Syy and Syg-

To determine the complete backscatter matrix of a radar
target, one must transmit two orthogonal polarizations. In the
case of meteorological targets, signal decorrelation due to
random relative motions of the individual scatterers requires
that the transmitted polarization be switched very rapidly, i.e.,
between radar pulses. This pulse-to-pulse polarization agility
technique allows one to measure the relative magnitudes and
phases of the scattering coefficients with maximum accuracy. If
the transmit polarization is switched at a rate slower than the
signal decorrelation rate then only the relative magnitudes and
phases of the pair S;; and 812 and the pair S9, and S,y can be
measured accurately; the magnitudes of Sll and 822, for example,
would each be derivable only as averages and their relative
magnitude would be subject to the statistical uncertainties of
both. The relative phase of these coefficients would be lost.

The physical parameters of interest manifest themselves in
the anisotropy of the electromagnetic propagation and scattering
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media. Orientation uangles and relative dimensions of scatterers
can be derived from the non-zero relative phase angles and
relative magnitudes of the scattering coefficients. Attainment
of these measurement objectives thus places stringent criteria on
the accuracy of signal amplitude and phase measurement. In
addition to the usual meteorological radar requirements of high
receiver signal-tc-noise ratio, narrow beam, and 1low sidelobe
power level, design criteria must be developed for uniformity of
signal polarization across the radar beam, isolation of the two
signals in the receiver, and minimization of magnitude and phase
errors in the two receiver channels.

The scattering coefficients given above in terms of linear
polarization can be expressed in terms of any pair of orthogonal
base vectors by a matrix transformation. Circular and linear
base vectors are most commonly used, in the interest of reducing
the complexities of engineering and analysis. For certain
classes of radar targets, the terms in the scattering matrix can
be simplified if some of the parameters have known values or
relative values. In meteorological scattering media, observed at
10 c¢m radar wavelength, the 1linearly cross-polarized signals
(i.e., off -diagonal matrix terms) are usually of smaller
amplitude than the co-polarized signals by a factor of 100 (20
dB) or more. If the symmetry axes of the medium are aligned witi
the local vertical and horizontal, as is often the case, the off-
diagonal terms are due entirely to the disctribution of caanting
angles of the individual scatterers. Under such conditions, the
diagonal terms of the scattering matrix (defined relative to
linearly polarized bhase vectors) are of greatest interest. The
measurement of these quantities with linear polarization recuires
rapid switching between horizontal and vertical transmitted
polarizations. The same quantities can be derived from received
signals with polarizations identical and orthogonal to a
transmitted circular polarization, without the requirement for
rapid switching. If switched linear polarization is used for

e oY i Catves e ———t o o o eros B v B e e ——— e e O s Y
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determining the diagonal terms of the scattering matrix, then the
sequentially received signals are within a few decibels of each
other (horizontally polarized power is up to 5 dB greater than
vertically polarized power in rain, but 2 or 3 dB less than the
vertically polarized power in ice-phase media). If the circular
polarization option is exercised, then the received signal in the
transmission channel is typically 15 dB or more below the
simultaneously received signal in the orthogonal channel. The
purity of the transmitted polarization and the isolation of the
received signals establish a lower limit on the capability of
measuring the ratio of power in the two channels.

Information on the orientation state of the scattering
medium (average canting angle and the extent to which the
individual scatterers are preferentially aligned) can be obtained
from the off-diagonal terms of the scattering matrix, if switched
linear polarization is transmittgd. Similar information can be
obtained from the two circularly polarized received signals
without switching polarization, although in this case there will
be ambiguities if the scatterers are large (i.e., non-Rayleigh)
or if differential propagation effects are present. These
ambiguities can be resolved if the transmitted polarization is
alternated between right and left circular.

If spectrum analysis techniques are to be used in analyzing
the received signals, then the signal time series to be analyzed
must comprise signal samples with uniform polarization
characteristics. Such a time series can be generated from
alternate radar pulses during operation with pulse-to-pulse
polarization switching. Two sets of time series, corresponding
to the two transmitted polarization states, can be generated
during an observation interval. Each of these would have a
sampling rate equal to half of the actual radar pulse repetition
rate.

The meteorological concepts and engineering factors involved
in this research area have been discussed in detail in several

i
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technical reports and published papers, listed in the references
following Appendix C.

2.2 LEVEL OF RECEIVED BACKSCATTER
The design requirements of a radar receiver are dependent

upon the expected return signal characteristics. One of these
characteristics, the received level of backscatter, is a function
of range, cross section, and extent of the target. Furthermore,
in the case of a polarization diversity, Doppler weather radar,
the expected return is also dependent upon the size, shape, and
composition of an extended conglomerate of relatively small
targets. To perform the necessary calculatiocons, we assume this
conglomerate to be tenuous, homogeneous, uniform, and isotropic
within the viewing cell. The requirements of botb the receiver
and the antenna will be functions of the aforementioned
characteristics and must be defined to the quality of detail
required by the research to be performed. The properties of the
radar transmitter, while influenced by these target
characteristics, will not be considered in this report, since (1)
there is no provision to alter the existing transmitter and (2)
the gathering of quality data is not so strongly influenced by
the transmitter characteristics.

2.2.1 RECEIVED RADAR BACKSCATTER
To determine the anticipated returned power 1level presented

to the receiver, one refers to the radar range equation1
G,G_ o A2r2 F2
p_ = pt tr t r . (1)
* (4n)3 r
1 M. I. Skolnik, RADAR HANDBOOK, (New York, NY: McGraw-

Hill, 1970) pp. 2-4.
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where: Gy = gain of transmitting antenna

™

G, = gain of receiving antenna
cross section of target
A = wavelength

L T e
Q
0

F{ = pattern factor of transmitting antenna

antenna gain at angle of target

ﬁ maximum antenna gain
- r = Dbattern factor of receiving antenna
= range
Py = transmitted power and
P = received power.

r

In the case of a radar with a common receive/transmit antenna,
Equation (1) reduces to

2 2 p2
p_=p E oA E° (2)

r (4m)3 r*

The maximum radar range can also be determined. First, one must
select an applicable signal-to-noise ratio for which reasounable
signal processing can be expected. This can be expressed in
terms of received power,

s_ M
N PN
where

S/N = signal to noise ratio necessary to operate the
processor

Py = composite power level of noise generated within
receiver and noise temperature of the observed
medium.

If the receiver is considered to be an ideal amplifier with a
resistor operating at temperature T connected to its antenna

terminals, then Py becomes,

Py = Ky B(Topp + Tg) = K

N BT, 3)

b
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where
Kb = Boltzmann's constant,
B = receiver bandwidth,
Teff = effective receiver noise temperature, and
T = observed median temperature.

So that the maximum range of the radar is,

1/4
G2 ¢ A2 F2

reP (am)? (3) k18 ) (4)

t

Although Equations (1) and (4) are useful for determining the
required transmitter power level, receiver bandwidth, acceptable
signal-to-noise ratio, and antenna gain for a standard target
tracking or search radar, their usefulness is cumbersome when
assessing the requirements of a weather radar. As an example,
what antennra gain or factor does one employ in these equations
when the target completely fills the antenna main beam as well as
many sidelobes? The expected backscatter level can be more
easily calculated by dissecting the radar range equation into its
component parts, analyzing each part individually, and finally
reformulating the equation.

2.2.2 LEVEL OF BACKSCATTER RECEIVED BY A BEAM FILLING RADAR
2.2.2.1 Precipitation Cross Section
2.2.2.1.1 Reflectivity

Meteorological reflectivity, n, is defined as the total

radar cross section (RCS) per unit volume. If one considers a
spherical raindrop model and only Rayleigh scattering (D
<{ &), then the cross section can be analytically determinedz;

N

J. I. Metcalf, et al., "Design Study for a Coherent
Polarization-Diversity Radar" Georgia Institute of
Technolngy, Lkngineering Experiment Station, Final Report for
the period 1 March 1979 - 11 April 1980. AFGL-TR-80-0262
Air Force Geophysics laboratory,AD A096757.

8
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i.e.,
5
°=LIKI2 DG
A"
so that
5 6 5
n=L[Kl2vD_= L |K|2zx10—10 . (5)
A4 A4
where
« = £=1
€ + 2
€ = precipitation dielectric constant,
D = raindrop diameter,
V' = volume of reflecting cell,
Z = reflectivity factor expressed in mms/m3, and
A is expressed in cm

Given a Marshall-Palmer raindrop distributions

5
-8) LAY F R1°6,

X"

n = (2 x 10 (6)
where R is the rainfall rate in mm/hr. The rainfall reflectivity
can be reduced to

A -8 5 1.6
n =2, A=(2x10" ) n>R . (7)
A4

Empirically, similar relationships have been determined4 for
other forms of precipitation. Since lez numerically equals 0.93
for water and 0.197 for ice, and since the radar frequency is
fixed at a mean frequency of 2.74 GHz, these relationships can be
presented in simplified form (Table 1).

3 Ibid
4 Ibid
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TABLE 1. METEOROLOGICAL REFLECTIVITY OF VARIOUS PHENOMENA
AT 2.74 GHz*

Reflectivity, n Weather Phenomena

in units m'1

4.04 x 10710 gl1-6 rain
8.55 x 10-10 g2 snow
4.27 x 1079 g0-97 hail
9.70 x 10~ ¥2 water clouds
2.05 x 10”14 2 ice clouds

* M is in grams of melted water/cubic meter -and R is
the melted rainfall rate in millimeters/hour.

2.2.2.1.2 Effective Antenna Beamwidth

Prior to calculating the expected precipitation backscatter
power level, one must determine an average incident beam power
level and corresponding effective antenna beamwidth. One cannot
employ the maximum effective radiated power (ERP) or antenna gain
as usually defined within the radar range equation, as these
levels are definable only at the center of the main bean.
l.ikewise one cannot assume the antenna beamwidth is the usually
stated half-power beamwidth (HPBW), since the anticipated target
normally extends beyond this angle. One approach to the problem
is to determine an antenna gain that is averaged over the entire
main beam between the first null beamwidth (FNBW). In the case
0of c¢ylindrically symmetric parabolic antennas, the minus 6 dB
beamwidth can be taken as a good approximation to the effective
filled beamwidth over which the main beam power is averaged.
Within this beamwidth, it is also safe to approximate the one-
coordinate antenna pattern P(8) as the exponential function,

10




p(o) = e-(20)2

(8)
where a = C/esdB,
] = displacement angle from the center of the main
beam, and
e3dB = half power beam angle.

C can be determined from the definition of HPBW,
= _ 31 2
P(834p) = -3 =€
or C = 0.83.

The average beam power is defined over both coordinates as

/‘ e=(88)2 ~(a#) 2444,
P(6,¢) = et .

- 2
The solution of jg e (a8) dé is straighforward:
let t/¥2 = a8, so that t = a/Z @ and d6 = —>  dt then

2 -t2/2
/e‘(‘"e) do = —1 /; dt.
8 av2

ar2
From a table of integra155 we find a solution for the Error
Function,

5 H. B. Dwight, Tables of Integrals and Other Mathematical
Data, Fourth Edition (New York, NY: The Macmillian Co.,
1969) p. 136.

11
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so that

- 2N N ]
-(ag)? - (a8)~ (-1)
./;e a6 = 2641 - N (2N + 1) .

N=1 d

The antenna pattern average then becomes

- 2N N - 2M M
BrE TS = (a8) (-1) (a@) &29)
P(8,0) = 1 + N (2N + 1) ][1+ Mo(on+ 1) | (9
M+

N=1

Equation (9) may be placed in dB space and simplified by symmetry
to
10 LOG (P(6,¢)) = 20 LOG (P(6))

a0)?N(-1)N
20 10(3[1+z N+ 1)

T
il

(10)

The average antenna gain is then the product of the peak antenna
gain and Equation (9). This average gain is asumed to exist over
part of or the entire main beam, with 8 the bound over which the
average 1is taken. It is instructive to conceptualize a one-
dimensional average gain for targets so distant that they act as
slightly extended backscatterers in the vertical direction and
filled beam backscatterers in the horizontal direction. of
course, employment of one set of bracketed terms in Equation (9)
fulfills this requirement.

The average gain may also be described by a reduction of the
measured antenna gain by Equation (10); this reduced level is now
assumed to be a cylindrical beam with beamwidth t6. Both the

12
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one- aind two-dimensional gain reductions for various beamwidth
angles were determined for a 24-foot symmetric paraboloid by a
simple computer program (Appendix C) and are reproduced 1in
Table 2. Note that the -6 dB beamwidth approximates the results
of Probert-Jones®. Furthermore, the results agree with the
Georgia Tech clutter models which employ the half power gain and
an effective beamwidth of

Oops = v 2 HPBW ;

this approximation will be employed in subsequent calculations.

TABLE 2. ANTENNA GAIN REDUCTION VS FILLED BEAM BEAMWIDTH

Effective Subtended One Dim. Gain Two Dim.
Beamwidth Angle Reduction Gain Reduction
-1/4 dB 0.31° 0.08 dB -0.16 dB
-3 1.09 0.92 1.83
-6 1.50 1.60 3.20
-10 2.00 2.50 5.00

first null 2.80 3.70 7.40

2.2.2.1.3 Scattering Cross Section For Target At Near and
Intermediate Ranges

The scattering cross section of a homogeneous conglomerate

of small non-absorbent particles may now be determined. Consider

a cell within a cylindrically symmetric antenna beam (Figure

6 J. R. Probert-Jones, "The Radar Equation in Meteorology,"
Quart. J. Roy. Meteor. Soc., 88, 1960, pp. 485-495.

13
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1). The volume of scatters in this cell is given by the volume
of a cylinder of diameter eeff length corresponding
to c¢ct/2, where ¢ is the velocity of 1light and t is the
transmitted pulse width. This cylindrical approximation is
acceptable because (1) the cell's range, r, is much greater than
its extent and (2) application of the previous effective
beamwidth calculation yields a c¢ylindrical beam. The cell's
volume is then

2
V=1|»I;e_et_l [El
2 2

with 6 expressed 1in radians. The scattering cross-section
becomes,

g = %[reefflzcrn (11)

which can be approximated for a 24 foot symmetrical paraboloid
and a 1.0 microsecond pulse width as
-2 rzn

o = 8.5 x 10 (12)

where n is given in Table 1 for various meteorological targets.
Note that this discussion is valid only for targets that
fill the entire main beam. In the case of weather radar, such
approximations lose validity as r increases to an intermediate
range where beamfilling becomes less likely due to a 1lessened
vertical target extent; this extent depends, of course, upon the
precipitation medium. The radar's usefulness can continue, 1in

" range, beyond a point at which targets of almost any nature can

only till the beam horizontally. These beamfilling factors !'ave
an impact upon the radar range equation.

2.2.2.1.4 S8cattering Cross Section for Targets at Far Range

Ir a previous subsection, the two-dimensional average beam
power correction factor was determined for a model cylindrical

14
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beam of radius approximately equal to the -6 dB beamwidth angle
of a symmetric parabolic antenna. In that subsection the one-
dimensional average beam power correction factor was also
calculated; that calculation will be useful in the far range
approximation.

Assume that a cell of interest is sufficient by far in range
so that the lower edge is occluded by the horizon and the upper
cell edge is within the cylindrical radar beam (Figure 2). In
this 1limiting case, the cell volume is given by assuming an
approximate rectangular, rather than circular, cross section so
that

V = (a2 - al)(reeff)(cr/Z). (13)

where a; and a, are the lower and upper beam edges, respectively.
The scattering cross section then becomes,

o = (az - al)(reeff)(cr/Z)n. (14)

As will be shown, the energy returned to the radar in this case
varies as r—3 , instead of the r—2 law normally assumed for beam-
filling radars. Furthermore, the one dimensional average antenna
gain correction is valid as the vertical dimension is now bounded
by the target extent, rather than the antenna beamwidth.

2.2.2.2 Beam Filling Radar Range Equation
Fquation (2) may now be altered for this class of radar. If
we note that:

G2 F2

2
(G gp)

n/8 (peeff)z ctn

"

(]

for th¢ near and intermediate ranges, then Equation (2) becomes

16
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[ 2
P =7p cT G3dB A eeff] n
Tt 51342 r2
(15)
P, 1 |G A e'JZ
= 18.1 t 3dB , n .
r2
with 8' = /2 HDPBW now expressed in degrees. For the far range,
employing the results of the previous paragraph yields
P, 19’ [a - a J [G AJZ
p_=1.32x 103 12 1] ]3d8 J . (16)

»

rd

The return energy 1is proportional to the inverse square or
inverse cube of range depending upon the beamfilling
conditions. Since a-priori the extent of beamfilling is unknown,
other means which will supply knowledge of cell conditions must
be employed to determine this extent. Polarization diversity can
make a contribution in determination of the type and extent of
the observed cell. First, however an examinatici must L.
performed to understand the range at which partial neamfilling

might occur. Obviously, cell cross section fwr . cyl.ndrical
symmetric antenna is proportional to (reeff)z. [f a 200
kilometer range, 113 meter antenna altitude, and 1.6 degree
nifective antenna beamwidth are consiacered (i.e., the AFGL
radar), then elevation beamfilling occurs for cells from

approximately 1600 to 5600 meters altitude. Specific conditions
will determine whether beamfilling occurs and whether the inverse
square or 1inverse cube law should be applied. The path 1loss
(space loss pius reflectivity "loss") vs various precipitation
and precipitation rates are plotted in Figures 3 through 7; here
it was assumed that the 1inverse cube law 1is applicable for
ranges » 100 km and the inverse square law is applicable for
lesser ranges. Such sharp delineation does not occur in nature.

18
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The aforementioned graphs are a result oL the specifice
considerations of the AFGL radar where it is instructive to
separate the path loss from the antenna gain and transmitter
power. This will enable investigation of transmitter power
reduction in order to reduce the cost of some high priced -
microwave components, as well as investigations of various values
of lessened antenna gain due to subreflector shaping to improve
polarization isolation.

From Equation (15), the filled beam path loss becomes,

1N\ 2
pL o= 18.1 13—*%-’-— n

r
Given the AFGL radar conditions of t = 1.0 us, A = 10.9 cn,
and 6' = 1.H4 degrees,

DI, = 62.9 dB + 10 LOG, -|—{ .
10}

Finally, the rceceived power can be calculated from

(Pe)am = (Pe)esm * (205an)an - [62'9 + 10 LOGlO(;—:)] dB

and overall system performance is given by

’rQ _ 1 Yl Ly __ﬂ - ” Al
(S/N) gy = P+ gy - [6.3.9 + 10 Loclo(rz)] 10 LOG,, K, TB

From this expression and a knowledge of the target and extent of
bearfiliingy, the range of the target can be determined from

measurement of the receiver signal-to-nolse ratio.

2.5 PULARLAATEON DIVERS1TY REQULREMENTS

In this soction, the  requirements  for pulse-to-pulse

polarivation diversity measuremeiats will be undertaken. In
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other reports7’8 the ramifications of polarization diversity
measurements have been shown; however, the implementation and

\

quantitative results thereof have not been previously alluded
to. Here, we will define and bound some overall system errors as
well as discuss the matrix formulation and equivalence of
circular and linear polarization diversity.

2.3.1 SYSTEM PHASE AND AMPLITUDE ERROR

As a starting point, one must determine the fundamental
measurables of a polarization diversity weather radar, as
contrasted with some other remote sensing polarimetric device
such as a radio astronomy observatory. Two <classes of
polarization diversity weather radar systems exist: (1) dual

Moth 0 e aa 4 ) e

circular which measures the backscatter of the transmitted and
orthogonal polarizations and (2) dual 1linear which measures
backscatter of only the transmitted polarization. In the past,
the former systems have been polarization switched on a burst (or
group) to burst basis to analyze the average backscatter matrix
(i.e., relativity slow speed switching of the transmitted
polarization has been employed), while the latter systems have
utilized pulse-to-pulse polarization switching of the transmitted
signal to measure only the diagonal elements of the matrix. The
proposed AFGL 10 cm polarization diversity radar will offer

—yTTT Y

pulse-to-pulse switching for evaluating the entire backscatter

matrix in both circular and linear polarization measurement

g

3 schemes. The antenna, microwave package, and RF through

detection portions of the receiver will have phase and amplitude

uncertainties imposed upon them by the desired quanitative

results. The word "uncertainty" ,rather than the more common

7 J. 1. Metcalf, "Interpretation of Simulated Polarirzation
PDiversity Radar Spectral Functions”, submitted to Radio
Science, 1982.

8 Motealf, et al., Op. cit.
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term "ervor”, will be used throughout this report to distinguish
between that part of  thne "error" (such as phase change as a
tt function of amplitude change) which can be eliminated by post-
detection software {rom that part of the error which is random or

attained from unmeasurable quantities such as differential

thermal effects. Most of these analyses will be devoted to the
circular polarization mode of operation, as here two of the most
aifficult to achieve performance reguirements exist: less than
onc degree channel-to-channel phase tracking uncertainty and
greater than 35 dB between-channel isolation.

In the circular polarization diversity weather radar format,

the measurable backscatter quantities are:g'lo

Wi = <Epky*> total power received in the transmission channel

g = KHoko*> total power received in the orthogonal channel

a = mean slant angle of the polarization ellipse or
precipitation canting angle with respect to
local vertical

Ip] = crosscorrelation function or fraction of
oriented backscatterers.

These measurables are closely related to Stokes parametersu'12
as employed in  other polarimetric systems; for historical

reasons, they will be retained in this analysis.

9 G. C. McCormick and A. Hendry, "Principles for the Radar
Determination of the Polarization Properties of
Precipitation,”" Radio Science, Vol. 10, No. 4, April 1975,
pp. 421-434. T

10 J. [ Metcalf and .J. D. Echard, "Coherent Polarization-
Diversity Radar Techniques in Meteorology," J. Atmos. Sci.,
Vol. 35, No. 1G, Cctober 1978, pp. 2010-2019.

11 M. II. Cohen, "Radio Astronomy Polarization Measurements,"
Proc of 1Rk, Vol. 46, Jan. 1958, pp. 172-182
i J. D. Kraus, Hadio Astronomy, (New York, NY: McGraw-Hill,

1960) Chapter 4
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2.3.2 CANCELLATION RATIO AND INTEGRATED CANCELILATION RATIO

The integrated cancellation ratio (ICR) usually offers a
measurement of circular polarization radar antenna performunce as
a clutter suppressor. Offutt13 presented a somewhat ditficult
definition:

ICR "is defined as the ratio of radar power

received with circular polarization to the radar

power received with linear polarization when the

antenna in both instances is completely surrounded

by an infinite number of randomly distributed

small symmetric targets."”
This definition is clarified by noting that in each instance the
antenna is configurable for either circular or linear
polarization, and 1is employed in each configuration to both
transmit and receive signals to an infinite, uniform,
hiomogeneous, isotropic assembly of spherically symmetric
scatterers whose diameters are much less than the wavelength of
transmission. Since the returned power level 1in the linear
polarization configuration is exactly the same as the returned
power level in the orthogonal channel of the anteanna coanfigured
to receive both circular polarizations, the definition of ICR
might be changed to read:

Integrated cancellation ratio is defined as the
ratio of radar power received in the tranmission
channel to the power received in the orthogonal
channel of a circular polarized radar antenna
immersed in an infinite, homogeneous, isotropic
assemblage of spherical scatterers whose diameters
are much less than the transmission wavelength.

Note that this is a two-way measurement. Later it will be shown
that another quantity, one-way integrated cancellation ratio, is
often employed in the literature; furthermore, it will be shown
that one-way and two-way ICR differ by 6 dB. Two additional
items are of interest within the framework of this definition:

13 Jasik, editor, Microwave Antenna Handbook, See Section 17.8
by Warren B. Offutt.

217




F

(1) ICRKR is only definable for a circularly polarized antenna (an
alternate definition, integrated cross-polarization ratio (ICPR)
which 1is applicable for 1linearly polarized antennas will be
presented in Section 3) and (2) if cross-channel mixing should
occur, as it does in many microwave antenna feed assemblies, than
only total system ICR may be considered.

Another useful quantity is the one-way, single point
measurement, cancellation ratio (CR). CR is defined as the ratio
of co-polarized to cross-polarized energy transmitted by a
circularly polarized antenna towards a point in space. Of futt
defines CR in a somewhat similar manner as the received signal
from a radar employing precipitation clutter suppression14.
Consider right circular polarization as the dominant polarization
from an antenna capable of transmitting dual circular
polarization. We define p as the ratio of the electric fields,

Then the cancellation ratio becomes,

p
CR = 10 LOG 3~ = 20 LOG p. (17)
L

Axial ratio is defined for linear horizontal and vertical
volarization as EH/HV, or in the general case as Emax/Emin where
Bpax and Byig
ellipse. The polarization state is then described by the ratio

are the major and minor axes of the polarization

of the major axis to the minor axis and the tilt angle between
vertical and the major axis. However, the polarization state can
also be represented in terms of two counter-rotating vectors and

a phase angle between them (Figure 8).

14 Ibid
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If these unit vectors for circular polarization are given in
terms of linear polarization by:

R=—2— (x+ jy)
Yy 2

L=—1 " (x-3y)
vy 2

then the axial ratio for circular polarization becomes, *

so that, in terms of axial ratio, the cancellation ratio is,

CR = 20 log %-;—11- ] (18)
As an electromagnetic wave leaves an antenna, it contains a
certain guantity of unwanted polarization as well as a dominant
desired polarization. Even if the wave is perfectly reflected
(t.e., its relative polarization state 1is unchanged), it is
further corrupted by its return into the antenna. These degrees
of polarization corruption are given by the axial ratio,
Enax/Emins SO that the total axial ratio must be the product of
the transmission and reception axial ratios. In the case of a
common transmission and reception antenna, AR is replaced by AR2

in Equation (18) and the two-way cancellation ratio becomes,

ARZ2 - 1
CR| = 20 log = (19)
two-way AR2 + 1
* In some of the literature, notably Cohen and Deschamps, the
axlal ratio is defined as Ej ax» Which yields AR = Fp -
/B, + Ej- In other texts Tsuch as Jasik), the term
§llpt101ty is synonymous with axial ratio.
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The difference between two-way and one-way cancellation ratio is

ACR = CRtwo-way - CRone-—wa.y
2

=20L(X}M ,
ARZ + 1

which for small axial ratios is approximately 6 dB.

Following Allan, Markell, and McCormickl®, the ICR can be
simply calculated by employing the antenna pattern, G(Q), as a
weighting function and integrating the electric field ratio over
all space

e (2)? G(R)2 da

ICR = 10 LOG .
o G(Q)2 da

Here as before, the squared electric field ratio denotes the two-
way property of ICR.
Of futt presents ICR in a somewhat different, but equivalent,

form16

- 2 >
2 : (P p i )< sin®
ICR =

8,¢
;E: (Ppax * pmin)2 sin®
» $

where Pp;, and Py,. are the minimum and maximum power values
received by a rotating dipole 1located at some far field
points 6,¢ all of which are equidistant from the apex of the
antenna.

Note that with respect to the antena terminals, the two-way
cancellation ratio is a relevant measurable term; as in the case
of observation of an extended collection of targets, two-way CR

15 L. E. Allan, R. C. Markell, and G. C. McCormick, "A Variable
Polarization Antenna'" National Research Council of Canada
Publication ERB-768, June 1967.

16 Jasik, Op. cit.
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becomess indistinguishable from ICR. Furthermore, the ilwo-way CR
is directly degraded by the channel-to-channel crosstalk of the
feed assembly and of the receiver; in fact, it is not possible to
isolate feed assembly crosstalk from other contributions to the
ICR. Therefore, the feed channel-to-channel isolation require-
ment must equal or exceed the ICR requirement. As addressed in
Section 4, the receiver isolation must also be somewhat greater
than the ICR for its crosstalk effects to be unnoticed.

2.3.3 INTER-CHANNEL RECEIVER AMPLITUDE UNCERTAINTY
2.3.3.1 Circular Polarization

In the circular polarization mode of operation, the received
parameter most sensitive to error is the circular depolarization
ratio (CDR)17 given by,

*
L) <E,E,>

CDR = Wi = __Lﬁé__
2 <E2E2>

where E1 and Eo, are the measured components of the scattered
electric field, with Eq being the component received by the
channel of transmission. The overall requirement is that CDR
must be measurable to within 0.1 dB. Since the measured
parameter at the output of each channel of the receiver is not
the total power, but the voltages E; and Ez, we can then define
the ratio of the measured receiver voltages as

Obviously, the measurement tolerance of CDR becomes a measurement
tolerance of r;

w € L5
s(r) = & [Wl] /2 o scooryt? < (0.1a8)Y2 = 1.037,
2

17 J. I. Metcalf, personal communication, 1982

32




LA ae ) g

so that the error function becomes

dr

T < 0.037 .

Prior to determining an expression for the error function, we
note that two cases exist: (1) only the receiver channel-to-
channel differential error 1is considered, while the antenna
isolation is assumed to be infinite, or equivalently ICR=-o0 and
(2) the one-way ICR is assumed to be real, but small.

2-3-301-1 Case 1, ICR = =00

EL je
Let r = & e’ where ¢ = ¢; - ¢,
o 2
then
ar _ B2 56 4 | E1 3
r E ¢ E, €
1 2
dE dE
1 . 2
= 5 *t jdé¢ - %,
Ey Eq
or
dE dE
1 2 _dr _
E, T E, r ~ I (20)

The absolute value of the left side of the above expression is
the minimum required differential amplitude uncertainty between
the two receiver channels. Using the previously determined
values of CDR measurement tolerance and channel-to-channel phase
uncertainty, the minimum required unmeasurable component of
channel-to-channel amplitude error must be

13 2n radians _
< |0.037 -J[§ degrees] 360 degreesll = 0.045,

or expressed as dB error, the receiver channels must track within

differential uncertainty <0.38 dB.
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2.3.3.1.2 Case 2, ICR <€ 1

l.et Ey;y, Eg; be the intrinsic backscattered voltages
received at the antenna, and let f be the isolation between the
antenna terminals*, then the voltage ratio at the receiver output

is
Jé
- [ Ej; + fEyy e
. Jéz '
[ Bpy + By | e
which may be reduced to
E.+fE_.J .
r = [711 21 J e3¢ since it is assumed Eo; >> Ey;.
EZi 21 1i

Using Sr = d(ln(r)) and differentiation by parts, we obtain

dk . . E,.dE, E,.df
= jde + 1i _ 11- 728 2i . (21)

E,. + fE,. EZi[Eli + fE2i] E, . + fEZi

=

11 21 1i

However, E;; and E,; are not the observables at the receiver
output as they contain the system uncertainty which separates I,
and E, from Eli and Eq;. By definition, those uncertainties are
unmeasurable. Therefore, we may enforce the implication

after which, we can translate Equation (21) into a form similar
to Equation (20)

E, T F, tE, 9 =5 - Jde

Again, employing our 1initial condition of observation of an

infinite, uniform, homogeneous, isotropic collection of Rayleigh

* it can be shown that the one-way ICR is described by |f|2
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scattering spheres, and for the condition Ey >> E{, the isolation

is,
f—El
T E.
2
so that
Py Pa_ar g, ot 0o
E, E, r T (22)

As in Case 1, the minimum required unmeasurable component of
channel-to-channel amplitude error must be

differential uncertainty < 10 Log %5 - jd¢ - %£ . (23)
|

As an example, consider the conditions of Case 1, with
additionally;

one-way ICR = 30 dB which implies a value, f = 31.62
uncertainty of ICR = 3 dB which implies a value, df = 1.41,

so that the differential amplitude uncertainty must be less than
0.23 dB for the circular depolarization ratio calculation to be
valid within 0.1 dB.

2.3.3.2 Linear Polarization

Although, in the 1linear polarization mode of operation,
measurements are performed in a fundamentally different manner,
the inter-channel antenna isolation does effect overall system
accuracy; furthermore, it can be shown that, as the antenna
isolation degrades, the scattered energy increasingly appears
more 1like that expected from a collection of homogeneous
spherical targets than actual hydrometeors.

In the past, direct scattering measurements were made on the
polarization of transmission, with no attempt to measure
scattering of the orthogonal polarization as only one receiver
channel was employed. The antenna output was switched boetween
the 1local horizontal and vertical directions on a pulse-to-pulse
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basis with the corresponding backscatter signal feed into the
transmit/receive circulator. Obviously, with such a system,
amplitude uncertainty of the post-circulator section of the
receiver channel did not exist; all amplitude uncertainty error
= was contained within the switch, microwave hardware, feed 1
t! assembly, and associated calibration network. If the present

AFGL radar is to complement these experiments, then it requires a 4
pre-circulator amplitude uncertainty equal to or less than the
least expected differential reflectivity uncertainty of 0.1 to
» 0.3 dpl8,19,

The 1isolation error of this mode affects the intrinsic
horizontal and vertical electric fields in the same manner as
circular polarization; however, it is preferable to begin this
discussion, by considering the transmitted signal. During the
4 previous discussion no attempt was made to consider the reduction

of co-ponlarized transmitted energy due to a non-zero antenna

¢ isolation; it was assumed that this reduction was negligible. By
conservation of energy, that condition 1is not wholly true.
Consider an antenna transmitting a vertically polarized wave with

. a small, but non-trivial, horizontally polarized component which

B s due to the non-perfect antenna isolation. Then, the magnitude

< of the verticaily polarized component must be reduced by the
magnitude of the horizontally polarized component. After
scattering, an identical effect occurs upon reception. These
effects and impacts thereof can be easily demonstrated.

I Reconsider the aforementioned vertically polarized wave, the
components are:

! 18 T. A. Seliga and V. N. Bringi, "Potential Use of Radar
( Differential Reflectivity Measurements at Orthogonal B
Polarizations for Measuring Precipitation,” J Appl.

Meteor., Vol. 15, Jan. 1976, pp. 69-76.

19 V. N. Bringi, T. A. Seliga, and E. A. Mueller, "First
Comparisons of Rain Rates Derived from Radiar Differential
Reflectivity and Disdrometer Measurements," I[EEE GE-20 No.

{ 2, April 1932, p 201.
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lEHI = fE where E = total available electric field

|E

v 1< £ E,

vl

or in vector form

Ev = £ E, where ¢_ indicates predominant vertically .
v1-%2 polarized transmitted electric field.

Upon scattering and normalizing to the losses of propagation,
which are assumed independent of polarization,

s - [SHH SHV] £ ] 2
SV v Svu Swvl /1722

1-f2Z )
[szH + V1-17 Spy

E .
£Syy + Y1-T% Syy |

(3 4
i

Likewise, if a horizontally polarized wave is transmitted, the
scattered field becomes

157

N =2 TEZ s, + 1S, .

= S I iz s, + S )
VH vV

At reception, both the horizontally polarized and vertically
polarized components of either transmission condition must be
considered. The non-infinite isolation at the antenna again
imparts a reception matrix, R, identical to the transmission
matrix.

Q= [/1-f2 £ ] .
£ /1-12
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The backscattered energy at the antenna terminals for vertically
. polarized transmission becomes

—f2 ; —£2 —f2
> - Rt _ V1-f [fsHH + V1-1 SHv] + f[fSVH + /1-f va] (24)
RV SV 17 7s 1-77 1-F2 )
f[fSHH + /1-f bHV] + /1-f [fSVH + V1-f va]
‘! Likewise, for horizontally polarized transmission
— — - )
. s - ut ) YI-£Z{/1 fzsHH + fSHV] + f[v/1 fszH + fSVV] é (25)
RH SH 1-%2 T-FZ[/1-F7 )
| £/ T-TZsy, + 1S, + VTEZI/I-E2Syy, + 1Syy]

In the linear polarization mode of operation, the upper and lower
F 4 components of ERV and ERH’ respectively, are not measured, but
- are routed to a termination. Differential reflectivity is then
' calculated from the ratio of the remaining components of the

Equations (24) and (25)

leRﬂll

Z°n, = 20 L
DR o8 TERVZI

~-f2 —f< 2
. (1-£f )SHH + /1-f f(SHv + SVH) + f SVV
20 Log " — " (26)
f Sy *+ /1-f f(SHV + SVH) + (1-f )SVV

]

]

20 Log(r), where r is the fractional expression. (27)

The prime notation is employed to differentiate this expression
from that of Seliga and Bringizo which defines Zpgp = 10 Log ZH/ZV

or in amplitude notation corresponding to 20 Log Syy/Syy:;

20 Seliga and Bringi, Op. cit.
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differential reflectivity uncorrected for antenna 1isolation.
Three cases are of interest: scattering from collections of 1)
spheres, 2) horizontal dipoles, or 3) precipitation particles.

2.3.3.2.1 Case 1. Rayleigh scattering from a homogenecous,

uniform, infinite collection of spheres:

Sy = Syy + Syy = Sgy = O
then
. (1-£2) + £2 _
ZDR 20 Log 7 ¥ (1=f%) 0.

For observation of a collection of perfectly spherical
hydrometeors, inter-channel isolation within the feed and antenna

assembly is unimportant.

2.3.3.2.2 Case 2. Scattering from a homogeneous, uniform,

infinite, aligned collection of horizontal dipoles:

Vv

then 2
Z’ - 20 LO 28

ZﬁR is wholly a measurement of the feed and antenna assembly

isolation and independent of the backscatter amplitude;

furthermore in the 1limiting example of f = 1//5, ZﬁR becomes
identical to that of the previous case. Hence, as the inter-

channel isolation decreases, observed backscatter appears to be
that of a collection of Rayleigh spheres.

2.3.3.2.3 Case 3. Rayleigh scattering from a homogeneous,
uniform, infinite collection of nearly spherical hydrometeors:

[/}
[
n

S # S

ua * Syv + Syy v < Syy ¢
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The range of uncorrected differential reflectivity is O

dB < 4 < 5 dB or 1 < SHH/SVV < 1.78 for Rayleigh scattering in

DR
rain with negligible propagation effects; the uncertainty in
these measuremcnts is 0.1 dB < §Zpp < 0.3 ds2l,22, The

difference between corrected and uncorrected differential
reflectivity should be less than, or in the 1limit equal to, the

measurement uncertainty, i.e.,

|20 - 27

DR prl € 8lpg - (29)

From Equation (27), this inequality becomes

[/
=1

52
H ¢ Log™! [—5%5 ) (30)
vV

e
’

The inequality now becomes of interest for several cases in which
the maximumn measurable differential reflectivity is observed. If
we approximate the results of Krehbiel and Brook23 wherein Syy
varied from less than the measurement 1limit to as much as 15 dB

less than S”“ or 3 = SHV and 0 < SVH < 0.28

Vi i
ShH

Vv

5 dB which implies =1.778

Employing: ZDH =

GZDR = 0.3 dB,

and solving the resulting quadratic equation, we find the antenna

isolation becomes

f <€0.1188 or equivalently a one way ICR of -18.5 dB.

21 Ibid

22 J. I. Metcalf, "Theory and Experimental Concepts for
Coherent Polarization-Diversity Meteorological Radar,"
Georgia Institute of Technology, Engineering Experiment
Station, Final Report, Project B-529, 30 Sept. 1980.

23 P. R. Krehbiel and M. Brook, "Coherent, Dual Polarized
Observations of the Radar Return from Precipitation," sub-

mitted to Radio Science, 1982.
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Therefore, to achieve capability of aforementioned measurement
the one way antenna isolation must be better than -~19 dB.
Further results of calculation of isolation versus values
of SHH’ SVH and GZDR are tabulated in Table 3.

2.3.4 INTER-CHANNEL POLARIZATION PHASE UNCERTAINTY

Consider the circular polarization description of the
generalized polarization ellipse (Figure 8). Pclarization of any
electromagnetic wave can be described by a left hand circular
vector ﬁ, a right hand circular vector ﬁ, and a phase angle ¥y
between these rotating vectors. Hydrometeors tend to orient
themselves along some fall or canting angle with respect to the
local vertical; certain variations of precipitation have a higher
percentage of orientation than other varieties. Radar
backscatter also contains this orientation angle information in
the phase angle between the two vectors. For Rayleigh scattering
the absolute value of the phase angle, Yy, can be shown to be
twice the canting angle a. Since v is also the phase angle
sensed between the two receiver channels, and since the desired
canting angle uncertainty should be 1less than one half the
canting angle processor quantization error, so that the required
system phase uncertainty becomes cequal to or less than the
quantization error. That is, if Aa and Ay represent the
uncertainties in aand y, respectively, then 28Aa = Ay with Ay the
maximum tolerable channel-to-channel phase uncertainty of the
system. From previous measurements24, the quantization
error Aa was less than 3/4 degree. To review these measurements
on an pulse-to-pulse basis requires that the phase uncertainty
between the two antenna/receiver channels be held to less than

24 G. C. McCormick and A. Hendry, "Polarization Properties of
Transmission Through Precipitation Over a Communication
l.ink," Journal De Recherches Atmospheriques, 8 1974, pp.
175-187.
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TABLE 3. MINIMUM ANTENNA ISOLATION REQUIRED TO ACHIEVE
MEASUREMENT ACCURACY GZDR IN RAIN WITH 1 AND
5 dB DIFFERENTIAL REFLECTIVITY

. S

-8.3 dB 0.0 0.3 dB 1 dB

-9.3 0.1 0.3 1
-9.9 0.2 0.3 1
~-13.0 0.0 0.1 1
~-14.9 0.1 0.1 1
~16.6 0.2 0.1 1
-15.5 0.0 0.3 5
-18.5 0.1 0.3 5
-21.2 0.2 0.3 S5
-20.2 0.0 0.1 S
-25.5 0.1 0.1 S5
-29.6 0.2 0.1 5
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1.5 degrees; however, in this design we shall attempt to decrease
this amount to one degree so that McCormick's and Hendry's
efforts may be improved upon.

2.4 EQUIVALENCE OF LINEARLY- AND CIRCULARLY-POLARIZED
BACKSCATTER
In the previous subsections, the antenna isolation

requirements were considered for linear polarization diversity
differential reflectivity measurements. In that scheme, all the
cross terms of the scattering matrix are unmeasured; their only
effect has been shown to impose an error on the differential
reflectivity measurement if the antenna isolation 1is not
sufficiently high. The next logical consideration is of the
uncertainties imposed upon an entire linear scattering matrix
measurement scheme due to insufficient antenna isolation, system
phase uncertainty, and receiver amplitude uncertainty. However,
if it can be shown that the 1linear and circular scattering
matrices differ only by a transformation matrix consisting of
unity values, then the uncertainty formulations for circularly
polarized scattering developed in the previous subsections shall
be applicable to linearly polarized scattering.

Consider the transformation from linearly- to circularly-
polarized electric field vectors,

By = By jﬁy)/é or [ER] =M By (30)
EL =(§x - Jﬁy)//f EL Ey
where M = 1 [i J ] . An inverse matrix exists such
/2 -J
that M"1 =1 [ % %], and
v -J J
E 3
x = M—l FR (31)
y ‘L .
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By straightforward linear algebra it can be shown that the same
matricies are valid for transformation of like elements of the

scattering matrix. That is

S =

circular = ¥ Siinear 32)

and
-1,

linear ~ M Scircular (33)

2.5 EQUIVALENCE OF VSWR AND ISOLATION OF A HYBRID COUPLER
An ideal hybrid coupler is a four-port device which may be

represented schematically by the diagram shown in Figure 9. The
device is symmetric and all four ports can receive inputs in any
combination. 1f energy is fed into ports 1 and 3, for example,
then the energy entering each port is split, with half of it
proceeding to the directly-opposite port (2 and 4, respectively)
and half of it undergoing a -90° phase shift before reaching the
diagonally-opposite port (4 and 2, respectively). Thus the
energy at port 2 is the sum of half the input to port 1 and half
the input (shifted by -90°) to port 3, while that at port 4 is
the sum of nhalf the input (shifted by -90°) to port 1 and half
the input to port 3.

It may be seen that if the energy to port 3 has the same
magnitude as that to port 1, but lags it in phase by 90°, then
the two components arriving at port 2 will be 180° out of phase
and cancel each other, while the components arriving at port 4
will be in phase and add together. Thus an id:al hybrid coupler
with perfect impedance matching at all four ports will have
perfect isolation between ports 1 and 3 and between ports 2
and 4.

If there are mismatched connections at the ports however,
there will be multiple internal reflections in the device which
will degrade the isolation. The calculations which follow first
analyze the general case of four arbitrary, except for frequency
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which must be the same at all ports, inputs and four arbitrary
mismatches. Then the maximum mismatch (assuming this is equal at
all four ports) with a desired input isolation is determined for

the case of two equal inputs separated in phase by 90°.

2.5.1 Genergl Case

The approach will be to assume four (complex) reflection
coefficients, Pir Pos Pg> and four input signal voltages Vli’
Voi V3i, Vqiy (Figure 9). These input signal voltges are
considered to be those signals which actually enter the device,
since the part of the incident voltage which is reflected back
out by the mismatch is not of interest. The total voltage just
inside each port will be the sum of an input voltage, an outward-
bound voltage, and a portion of the latter which is reflected
back into the device.

It is also possible to write down what the voltages on the
various branches of the device will be (assuming perfect power
splitting and phase shifting); these are also shown in the
figure. The solution to the problem is obtained by setting the
outward-bound voltage at each port equal to the sum of the

voltages reaching it from each of the two possible paths. Thus:

Vio © ',; (Vo + p2V20e—2j oL 3y * °4V4oe-2‘j8L))
Voo = :,';— (Vig * pqVio = 3(V34 * pyV5,))
V3o = 7—21—— (Vg + °4V4oe—2j Bl o v+ eyVaeeT )
V4o = ;T—,lz_ (Vay + pgV¥3q = 3(Vy; + #1Vy0)):
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In the above equations, the various voltage amplitude terms
(designated Vio® V2i» etc.) each include an arbitrary phase ternm
and a time-dependence term of the same frequency for all the
voltages. The wave number B is also the same for all the
voltages. The use of the 1//2 term implies exact power splitting
at the branch points, while the -j term indicates that a perfect
-90° phase shift is undergone through the diagonal

branches.nally, the e~ 2JBL

terms (L is the length of the device)
in the first and third equations are required for the proper
phase relationship when reflections occurs at x = L (ports 2
and 4).

The above set of equations can be put into matrix form:

[ _i
V10 0 1 0 J Vli
V20 . 1 0 -J 0 V2i
V3o w2} -9 0o 1 V33
V40 _-J 0 1 0 J V4i
i -2j8L . -2j8L |
0 Poe 0 ~Je e Vio
1 °1 0 —Jdeg O Voo
+ —
5 : -2j8L -2j8L
V2 0 -Jege 0 -p € Vao
~JPy 0 P3 0 V40 '

Rearranging with V = [Vlo' Voor V300 V40]t and V; = [Vli' Vois
VSi’ V4ijt, we have

e __-2jBL . _2j8L
V2 Poe 0 AL
-91 JE 393 0 v
o Jp?e-ZJBL /3 -p o2 o
LJpl 0 o V2 J
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Designating the matrix on the left-hand side as A,

is given by

s0 that

.

-
0 1 0 -J
1 0 -J 0
V.
0 -J 0o 1 i”?
- ¥
-
- -2 = RITY
2e¢ 2"“'(92"4 2(5(!-’3'4° JJ‘L) ~2§(0g*0,)e et -212‘1(“°2'3. ity
~20,04040” 218}
- -2]8L
2H1-eg0,07H8Y) 200 - o4 -20Ts(1ve 0,07 ) 2060, o)
-2-luan‘t'—n"“')
2340, ¢ ,4),."-5.101: -z/:EJ(l‘alo‘o'ZJ“') -ze"z“"‘(pz-o‘ 2’7(1""\’2'-21"‘)
'29|92o4='21‘b)
‘:’QJ(\’Dzﬂj.-:,J“') -2(0, ¢+ #y) 2/!(1-.1,3,-2“1.) -2(.1 -0,
’2'1.2.3.-2J.L)J
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1 with the determinant of A as

: ~2j8L -2j8L -2j8L -2j8L
»L.' 2{ (1-p7p,e7 % %7) (1-0504e7208) & (14010,e™ ) (140 I

2P3€

- It will be shown in Section 3.4 that the case of interest
b for this radar modification is when:

93=pl » p4=92
3 Vg3 = 3Vy4r Vo4 = V43 =0
i so that
2
[ V., = —L1 4/2 Vv
- 20 -~ det & 1i

F and

o . ~23j8L
Vao = Fet & | -472 Jeye,8 Vii b

If the coupler isolation is defined as

then the isolation as a function of reflection coefficient
becomes

I(p) = 20 Log(pypy) - (34)
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SECTION 3
ANTENNA MODIFICATION

3.1 INTRODUCTION

In this section, the antenna modifications of the

polarization diversity addition to the AFGL 10 centimeter Doppler
radar will be considered. The details of these modifications
will be kept sufficiently general so they may be applied to other
systems and designs. Specific recommendations will be presented
in the areas of the antenna configuration, polarizer, and feced
antenna, while general parameters of other elements of the
antenna will be considered to improve overall peformance,
specifically in the area of circular polarization. It will be
recommended that the antenna geometry be changed to a Cassegrain
with four support spars and a sloped septum polarizer be cmployed
with a corrugdted feed horn. Furthermore, attention to overall
axial symmetry will be stressed.

3.2 CONSIDERATION OF PRESENT ANTENNA CONFIGURATION
In theory, the present antenna could be modified to

accommodate dual circular polarization operation by replacement
of the present feed assembly and by the addition of a second
waveguide run, however, this configuration would present certain
performance restrictions which can be overcome by a Cassegrain
antenna. These restrictions are a result of: (1) blockage and
attending unsymmetrical diffraction due to an expanse of
microwave components at or near the feed position, (2)
nonconstant differential waveguide lengths due to thermal and
mechanical instabilities, (3) varying cross-polarization sidelobe
levels as a result of mechanical instabilities, and (4) higher
than anticipated cross-polarization emanating from the tripod
mounting structure. Spillover reception from such a tront fed

modification would present no performance restriction since in
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the operational range limit of this radar the target return would
have an ecquivalent noise temperature of the same order as that
viewed in the spillover area. However, when linear polarization
is considered, the minimum cross-polarization isolation
requirement of -23 dB is uncomfortably close to the practical
isolation limit expected from the present structure. We shall
return to these four performance restricting elements after a
cursory overview of theoretical aspects of reflector antenna

cross-~polarization.

3.2.1 CROSS POLARIZATION CHARACTERISTICS OF REFLECTOR ANTENNAS

A study of cross-polarization will begin with Silver?® who
presented the radiation field equations of a linearly polarized
pencil beam antenna. He eluded to a detailed analysis by
Condon26 in which the cross-polarization pattern was shown to
have maxima which lie in 45° planes between the principal axis of
the aatenna. These maxima ccnsist of a set of pencil beam-like
lobes on eachh arm of these planes, with the first maxima
occurring at the co-po.arized first null position.

This study then procezds to Jones?2? who presented an exact
solution for cross-polarization characteristics of the front fed
paraboloid using an electric dipole, magnetic dipole, and Huygens
or plane wave feed aatenna. In addition, expressions for the
total gain and efficiency factors were given for the overall
antenna employing these various feeds. The results for the
characteristics of a paraboloid excited by a short electric

dipole are given in Table 4. The gain of this antenna is,

25 3. Silver, bkd., Microwave Antenna Theory and Design, (New
York, NY: McGraw-Hill Co.,1949) pp. 417-423.
26 k. V. Condon, "Theory of Radiation from Paraboloid Reflector

Antennas," Westinghouse Report No. 15, 1941.

27 L. M. T. Jones, "Paraboloid Reflector and Hyperboloid Lens
Antennas," IRE Transactions - Antennas and Propagation, Vol.
AP-2, July 1954, pp. 119-127.
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G = (EQ)2 {6 [0.123 b 0.023 (%’)3 + 0.0003 (%)slz} (35)

which has becn defined by G = 4n (power radiated per unit solid
angle by the aperture)/(total power radiated by the feed) so that
this gain equation will have to be reduced by any energy loss due
to feed spillover. The results for a paraboloid reflector with a
magnetic dipole feed are identical with the sole exception that
the E and H plane antenna patterns are to be interchanged. The
term in braces 1in Equation (35) 1is the gain or efficiency
factor. A plane wave feed is next considered and it is chosen
such that the E and H plane patterns are identical (definition of

Huygens source). With this feed, the gain becomes,

. _ ab 2
G= =

{14.5 (X%)2 [0.246D ~ 0.0918D2 + 0.0096D5]2} (36)
where B = L-plane dimension of feed antenna. Jones then
interpreted that for equal E and H fields the cross-polarized
component of the ficlds are cequal in magnitude and of opposite
3ign within each of the paraboloid quadrants (Figures 10 and 11)
so that, "it is noticed that the far zone field has no cross-
polarized radiation fielids."

Cont inuing our chronological +trek through 1literature, we
stopped at a paper by Watson and Ghobrialzs, the results of which
disagree with the preceding profound statement by Jones as well
as future statements by others including Ghobrial. Although it
is beyond the scope of this report to logically reconstruct this
paper, in sSummary it is shown that: cross-polarization is a

function of the electric field, the magnitude of the first cross-

28 P. A. Watson and S. I. Ghobrial, "Off-Axis Polarization
Characteristics of Cassegrain and Front-Fed Paraboloidal
Antennas,"” IEEE Transactions on Antennas and_ Propagation,
Vol. AP-20, No. 6, November 1972, p. 691.
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polarization lobe is far greater than that given by Jones, and
the off-axis cross-polarization behavior of a Cassegrain antenna
is superior to that of a front fed antenna, "due to the fact that
the convex subreflector compensates to a high degree of cross-
polarization caused by the concave main retlector." Later,
Ghobrial and Futuh?? refuted the last statement by showing that
the polarization properties of Cassegrain antennas are identical
to that of their identical front fed antennas.

During early 1973, Ludwig30 presented a paper on three then
prevailing differing definitions of cross-polarization. Again it
is beyond the scope of this report to examine this information in
detail. It is interesting to note that, according to the third
definition of Ludwig, 2zero cross-polarization will result with a
Huygens source feed, and a physically circular feed with equal E
and H plane amplitude and phase patterns is a Huygens source
feed. Furthermore, he successfully argued that the cross-
polarization currents on a paraboloid illuminated by
infinitesimal electric dipole are incorrectly frequently
attributed to reflector curvature. The electric dipole itself
has the cross-polarization which increases rapidly with
increasing dipole pattern (as viewed by the reflector) angle.
Cross-polarization is then reduced by increasing the focal length
of the paraboloid so that the reflector views less off-axis
(i.e., cross-polarized) dipole energy. Finally he shows that the
measurement of cross-polarized pattern may actually be a
measurement of the co-polarization pattern coupled into the
sensing antenna by incorrect choice of measurement coordinate
system.

29 S. I. Ghobrial and M. M. Futuh, "Cross-Polarization in
Front-Fed and Cassegrain Antennas with Equal f/D Ratio,"
1976 Region V IEEE Conf. Digest, April 1976, p. 277.

30 A. C. Ludwig, "The Definition of Cross-Polarization," IEEE
Transactions on Antennas and Propagation, Vol. AP-21, No. 1,
January 1973, p. 116. -
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The next stop is an expedient paper by Dijk31, et al. Here
not only do the results for a short electric dipole feed agrce
with that of Jones, but also a practical example using an
approximation of a Huygens source is given. Finally,
polarization loss efficiency factor curves are presented for both
open waveguide and electric dipole feeds as a function of
subtended half-angle between the feed and the reflector. The
polarization efficiency is defined by the ratio of total cross-
and co-polarized antenna gain to the antenna gain if the cross
pnlarized energy was 2zero everywhere. This definition is 1in
accordance with Potter32 which appears to be the definition
employed by everyone since the Dijk paper. Figures 12 - 14
present curves of polarization loss efficiency factor versus
subtended half-angle for an electric dipole feed employed in a
front fed paraboloid, Cassegrain antenna of various magnification
factors, and a front fed paraboloid excited by an open waveguide
structure operating in the TElO mode, respectively. One should
note that a Cassegrain antenna with a magnification factor of 1
is not presented, but it was shown by Ghobrial33 that if it were
it would be identical to that of a front fed parabolic
reflector. However, our interest in this paper is Figure 14 and
a synopsis of accompanying discussion of "a practical example."

In this example, they first consider a Huygens source auad
show that by definition of this source the dimensions of the
waveguide must be such that 310 /k = 1. In practice, this can
not be attained as

31 J. Dijk, C. T. W. van Diepenbeek, E. J. Maanders, and L. F.
G. Thurlings, "The Polarization Losses of Offset Paraboloid
Antennas,"” JEBElY Transactions on Antennas and Propagation,

Vol. AP-22, No. 4, July 1974, p. 513.

32 P. D. Potter, "Application of Spherical Wave Theory in
Cassegrainian-fed Paraboloids, " LEEE Transactions on

Antennas and Propagation, November 1967, pp. 727-736.
33 Ghobrial and Futuh, Op. cit.
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10 o2 (36)

Ag10
where Aglo is the wavelength in the waveguide. From Silver34 for
the TEjg mode

A
X10 = o 37)
B10 {1 - (a/za)2]*

then 810 = k only for A << A. Nonetheless, the effort is not
without merit as they continue to calculate the polarization
efficiency for various almost Huygens source open waveguide
feeds. The general proportion of the 1lowest and highest
operating frequency of any waveguide to the cutoff frequency of
that waveguide are 1.25:1 and 1.90:1, or in terms of wavelength
they are A/xglo = 0.60 and 0.85, respectively. From Equation
(37), we may readily obtain any intermediate values of this
ratio, namely

Migge =M = [1 - (x/24)2]"1/2 (38)

For the purposes of this calculation, it 1is also been shown in
the literature that a horn feed antenna may be thought of as an
open waveguide feed with A equal to the maximum dimension of the
horn. From Equation (38) and by interpolating M in Figure 14,
the polarization efficiency of any axisymmetric reflector antenna
may be determined. It should be stressed that these are
theoretical ideas which do not include the effects of the feed
support structure, waveguide run, or other perturbations on or
near the reflector surface.

Our journey continues to the effort of Ghobrial35 for an
approximation to the cross-polarization calculations of Jones.

34 Silver, Op. cit.

3 S. l. Ghobrial, "Of f-axis Cross-Polarization and
Polarization Efficiencies of Reflector Antennas," IEEE AP-
27, July 1979, p. 460,

[$1]
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Not only is there good agreement between these calculations, but
also from his method he derives an expression for peak cross-
polarization which may be determined from the overall

polarization efficiency, n,

peak cross-polarization (dB) = 10 LOG,,l0.29 (1/n - 1)] . (39)

The impression is that, for an axisymmetric reflector antenna
without a feed support structure, the overall polarization
isolation or integrated cross-polarization ratio may be
determined by a measurement of the 1level of one of the main
cross-polarization lobes.

Thus far, we have investigated reflector antennas with
linearly polarized feeds. Our journey concludes with a recent
text by P. J. Wood3® which develops insight into the cross
polarization properties of reflector antennas with circularly
polarized feeds. First, we should review the physics of the
purely circularly polarized wave. That wave can be
mathematically constructed to contain two equal linear electric
fields in phase quadrature. It can also be constructed from
equal electric and magnetic components in time quadrature if it
is understood that the amplitude of the magnetic field is
considerably 1less than that of the electric field, while the
total energy of the fields are equivalent. This effect might be
exploited by manufacturing a low power circularly polarized arrvay
using alternate electric dipole and slot (magnetic dipole)
antennas. Such & feed antenna is a H ygens source so that in
theory no cross-polarization should exist in the far field of the
driven reflector antenna. Wood,37 on the other hand, has shown

36 P. J. Wood, Reflector Antenna Analysis and Design, IEl,
LLondon and New York, 1980.
37 1Ibid
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by his vector diffraction analysis method that such cross-

polarization lobes do exist in phase quadrature with the co-
polarization lobes and they have an absolute peak level of 8 dBi
independent of reflector diameter. Obviously, these lobes vanish
in the optical 1limit, A/D + 0. For the AFGL antenna, the peak
lobe cxists approximately 35 dB below the main beam.

Since polarization efficiency is the ratio of total co-
polarizced energy to the total radiated energy, a relationship may
be constructed Dbetween polarization efficiency and one-way

integrated cancellation ratio,
ICR = isolation = ICPR = 10 LOGloll - n/n| , (40)
so that

ICRlone—way = peak cross-polarization in dB -
10 LOG10(0.29)

or
ICR = ak cross- ization + 5.38 dB. 41

' one-way pe cross-polarizatio 5.38 d (41)
The outcome of the above is interesting. Since the theoretical
level variation of all first cross-polarized 1lobes among
themselves 1is non-existent as is the 1level variation of the
second cross-polarized sidelobes, and since the amplitude ratio
between the first and second cross-polarized sidelobhes is a
constant, then using the Ghobrial approximation only the absolute
level of one lobe need be measured to determine the antenna

integrated cancellation ratio.
3.2.2 BLOCKAGE AND UNSYMMETRICAL, DIFFRACTION

In the previous subsection, consideration was given to the

theoretical aspects of antenna cross-polarization. We now attack
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the more practical considerations. It has becn seen, that
depending upon the feed arrangement and the choice of theory, the
circular cross-polarization lobes should disappear; usually this
is not the case. Experimentally, it has been found that
excessive aperture blockage will contribute diffracting surfaces
which increase cross-polarization and reduce overall antenna
efficiency. Reduction in antenna efficiency for the Cassegrain
configuration due to aperture blockage is given by the ratio the
square of the subreflector to main reflector diameters, and in
general the efficiency reduction can be discounted as tris ratio
provides an almost unmeasurable effect on the total antenna
gain. Diffraction from the main reflector edge, subreflector
edge, feed horn edge, and support structure edges on the other
hand can contribute energy into both the cross- and co~polarized
sidelobes. Although quantitative calculations of this effect are
beyond the scope of this report, these calculations are performed
by consideration of the edge currents that exist on the
diffracting edges. The diffraction contribution can be reduced
by various methods, some of which are: (1) elimination of edges,
(2) occulation of edges, and (3) employment of a symmetrical
design. As an example of the former, a choke flange is often
used around a linear feed horn to suppress currents that exist at
the horn's edge. In the proposed design for the AFGL radar, a
shroud around the polarizer and rear of the corrugated horn will
be utilized to occlude those reflecting surfaces. In the case of
the latter consideration, detailed attention will be given to the
overall axial symmetry of the entire antenna structure.

3.2.3 WAVEGUIDE LOCATION

While consideration is given to the merits of the various
antenna geometries, equal consideration must be given to the
equipment configuration imposed by those geometries. If the AFGL
front fed antenna geometry is retained, then either two phase

matched waveguide runs from the back of the reflector to the
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polarizer ted horn assembly will be required, or the entire RF
switch/microwave package/receiver package will have to be located
at the prime surface. Obviously, the latter is impossible as it
will impose severe blockage. Less obvious is the impossibility
of placing only the fced horn at the focus with the polarizer
behind the main reflector, as this configuration wouid place
severe VSWH requirements upon the waveguide connections (see
subsections 2.5 and 3.4).

Employment of two matched waveguide runs imposes thermal as
well as mechanical constraints. The thermal requirement is
easily calculated by assuming a waveguide run of 800 centimeters
of WR-284. At the frequency of operation, the wavelength in this
waveguide is 17.0 centimeters so that each waveguide run extends
over 47 wavelengths. For a phase stability of one degree
overall, the phase error must be less than 2.1 x 10-2 degrees
per wavelength in guide, which in turn implies a waveguide
expansion of 1073 centimeters per wavelength or &a maximum
allowable coefficient of linear expansion of 5.9 x 1072, If
aluminum waveguide 1s considered, whose coefficient of linear
expansion is 2.3 x 10~° per degree C, then the maximum tolerable
differential temperature between the two waveguide runs 1is
2.6%. Since the Lwo waveguides would most likely be located on
opposite sides of the antenna to preserve sidelobe and cross-
polarization lobe reduction symmetry, this total differential
temperature would have to be maintained within approximately the
inner two-thirds volume of the radome. Furthermore, mechanical
distortion imposed by the slewed antenna would only reduce this
temperature differential constraint to a more challenging value
50 that, basced on these considerations alone, a Cassegrain is
prefaerable as all the abbreviated waveguide can be enclosed
within the shroud behind the feed horn to not only provide a
temperature  controlled environment but also reduce slewing

forces.
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3.2.4 MECHANICAL STABILITY

In addition to the aforementioned mechanical requirements of
the waveguide, the general requirements of the AFGL reflector
must also be considered. The manufacturer of the reflector has
been contacted and, although they could not apriori predict
antenna degradation due to modification to a Cassegrain
configuration and predict degradation due to slewing, they have
offered to perform this analysis via their computer-aided design
analysis department and program STARDYNE for a nuominal sum.
However, they do feel that this reflector has sufficient
structure to not require the modifications performed on the
Alberta Research Council radar reflector.

The AFGL reflector (Serial No. 728) was manufactured and
pattern tested at H&W Engineering (formerly Radiation Systems,
Inc.) in Cohassett, Massachusetts, in 1977. This 24-foot
diameter reflector is a scaled down 30 foot diameter design and
utilizes the same 1-1/2" square tubing members and hub of the
original design. Jim Hayes, company co-owner and chief engineer,
suspects that the hub has four internal plates radially spaced at
90° angles between the inner and outer hub cylinders. Prior to
any mechanical analysis of the antenna structure, he requested
that he be permitted to drill a few non-structural inspection
holes into the hub to confirm the location of these plates. The
hub has eight pickup bolts spaced radially at 22.5° intervals on
a bolt circle of 74.5 inches. The entire antenna weighing
approximately 2500 pounds is constructed of 24 panel
assemblies. Misalignment of these assemblies is not possihle as
the panel attachment screw holes are individually through-drilled
during construction. Three spar attachment plates and four pull
attachment plates are located on the surface of the reflector,
however, these plates are not attached to the surface but rather
to the structure behind. Although the pull plates and spar
plates are slightly different in appearance, their use is

interchangeable. The spar attachment holes on the spar plates
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are located 71-1/4 inches from reflector surface edge measured
along the reflector contour, while the attachment holes on the
pull plates are located 68-3/4 inches in from the reflector
surface edge. DBecause the reflector is far more rugged design
than that employed at Red Deer, Albe-.a, Canada, it is the
opinion of H&W that the additional rear strut assemblies required
by the Alberta radar antenna will be unnecessary. ' However, Jim
Hayes feels that deletion of this additional truss work can only

be determined after structural analysis.

3.3 OPTIMUM ANTENNA CONFIGURATION

In the previous subsections, two antenna geometries have

been discussed, with the conclusion that a Cassegain affords the
best compromise between focal length, feed 1location, decreased
blockage and symmetry to produce favorable co- and cross-
polarized sidelobe architecture. A third configuration, offset
Cassegrain, has becen briefly mentioned during the project as a
possible geometry to totally eliminate illuminator Dblockage,
thereby further reducing these urwanted lobes. In an
axisymmetric antenna with a dipole feed, cross-polarization is
generated in the aperture electric field by off-axis observation
of the feed antenna; this cross-polarization has a symmetry
property that it 1is oppositely directed in adjacent qguadrants.
Then by symmetry, cross-polarization cannot exist 1in the
principal planes of the antenna, but does achieve a maximum value
in two planes located midway between the principal planes. As
has been discussed, 1f a feed is constructed such that equal
electric and magnetic dipole patterns are placed on the
reflecting surface (Huygens source), a second set of cross-
polarized electric field vectors is generated by the maghetic
field in the aperture which are equal and opposite to those
generated by the electric field (Figures 10 and 11). Obviously,
if these vectors ure not symumetric, radiation of cross-polarized

energy will exist. In the case of an asymmetric reflector, such
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an unsymmetry is accomplished because the distance between the
subreflector and the upper quadrants is greater than the distance
between the subreflector and the lower quadrants. In theory,
this distance variation <can be ameliorated by an offset
subreflector; but in practice, the best achievement of such an
arrangement has yielded two -34 dB cross-polarization sidelobes

symmetrically displaced from the principle axis.38

The virtue of
such an antenna is its capacity for a great reduction in the near
co-polarized sidelobes; in the aforementioned example, a 17 dB
improvement was achieved versus the 1level expected for a
conventional shaped Cassegrain antenna.

In light of these achievements, this geometry was
considered, but the cost of an appropriate development program
quickly dispelled further attention. The antenna of choice then
remains an axisymmetric Cassegrain with a yet to be determined

focal length.

3.3.1 INTEGRATED CROSS-POLARIZATION RATIO

Throughout the preceding discussion various terms, notably
the isolation £, have be employed to describe system cross-
polarization conditions in the 1linear polarization mode. An
alternate figure of merit, analagous to ICR, developed by Georgia
Tech 1is the integrated cross-polarization ratio (ICPR). This
one-way calculation is defined as the ratio total cross-polarized
power transmitted by the antenna to the total co-polarized power
transmitted, and is a useful definition of both circular and
linear polarizations; ICPR is equivalent to one-way ICR. Qur
previous discussion of isolation (ICPR) of reflector antennas in
the 1linear polarization mode has been theoretically based,
however investigation of the ICPR of reflector antennas has also

38 E. J. Wilkinson and B. H. Burdine, "A Low Sidelobe Earth
Station Antenna for the 4/6 GHz Band," GTE International
Systems Corp. Report, 1980.
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been performed utilizing the Engineering Experiment Station (EES)
computer models.

EES has develdped computer programs which use the E-field
formulation to calculate the co- and cross-polarized fields
radiated by the feed for analyzing the pattern performance of
single reflector and double reflector antennas.392 These computer
programs have been validated over the past several years not only
with measured data Georgia Tech has obtained but also with
measured and theoretical data that have appeared in the litera-
ture. For front-fed antennas, the feed antenna induces currents
on the reflector which are integrated by the program to obtain
the co- and cross-polarized fields radiated by the reflector. 1In
the case of Cassegrain antennas, physical optics 1is employed
within the program to determine the field reflected by the
subreflector; this reradiated field in turan induces currents on
the main reflector that are then integrated to obtain the co- and
cross-polarized components of main reflector radiation.

The single reflector program was applied to calculate the
co~ and cross-polarized pattern of the present AFGL antenna with
its 288 inch diameter and 115 inch focal length, and 3.25 inch by
3.63 inch feed horn. The program predicted peak cross-polarized
lobes occurring along 45° planes having an amplitude value of -24
did with respect to the co-polarized on-axis level. this value is
close to the theoretical value calculated by Jones40 for an
electric dipole feed. ICPR was then calculated for this antenna
and also for parabolic reflectors of the same diameter, but with
longer focal lengths. Integration of the antenna pattern was
performed to limits of the -3 dB, -10 dB, first null and second
null positions of the co-polarized pattern to assess cross-

39 D. G. Bodnar, J. W. Cofer, and N. T. Alexander, "Computer-
Aided Design of Scanning Reflector Antennas." 1974 Antenna
Propagation Symposium, Atlanta, Georgia.

40 Jonres, Op. cit.
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polarization contribution to the total radiated power. The
results presented in Table 5 show that, while a -20 dB ICPR can
be obtained with the existing AFGL reflector, any further
improvement requires a reflector with a longer focal length.

TV YT

These results are also plotted against those of the literature in
Figure 15; as expected the actual results employing a feed horn
r! ] have a 1lesser ICPR than the theoretical predictions, but are
somewhat better than a dipole feed.

3.3.2 FOCAL LENGTH
It was shown in subsection 2.3.3.2 that a minimum isolation

T e

between -20 dB and -30 dB is required to measure a differential
reflectivity of 5 dB within an uncertainty of 0.1 dB, and as will
be discussed in Section 4, 0.1 dB is approximately the limit of

PPy

-l

expected amplitude uncertainity within the microwave and receiver

package. Using -25 dB as a respectable isolation (ICPR)
requirement, it is obvious from Figure 15, a minimum focal length
of 160 inches is required with 173 inch focal length (f/D = 0.6)
a safer value. This 1i1s based upon 1linear polarization
considerations only; cross—polarization in the circularly
polarized mode is only the result of antenna imperfections and is

independent of focal length.

3.3.3 SUBREFLECTOR

While the specific detail of design for the hyperbolic
subreflector is not a subject of this report, an interesting
addition to the subreflector shape was provided by E. J.
Wilkinson of GTE International Systems Division. The center of
their subreflector of circularly polarized earth station antennas
are closely conical shaped so that a "hole" exists in the
backscatter pattern. This "hole" prevents backscattered energy
from re-entering the feed by radiating that energy beyond the rim
of the main reflector. This is an important item in the design
as if a mismatch exists within the polarizer any energy, re-
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entering the polarizer via the feed will be reflected at the
mismatch and retransmitted with the opposite polarization
sense. This phenomenon does not occur in linear polarization and
is the principle reason why all new communications satellites are
using linear polarization for frequency "reuse" operation. To
prevent diffraction effects, this conical section should have a
smooth taper into the hyperbolic subsection of the subreflector;
the use of absorbing material in place of the conical section
should not be considered as it would provide an additional

diffracting edge.

3.3.4 SUBREFLECTOR AND FEED MOUNTING STRUCTURE

Although not a direct consideration of the specific antenna
geometry, tLhe feed and subreflector mounting structure has a
significant influence upon the side and cross-polarization 1lobe
integrity. Maintenance of overall antenna symmetry 1is the
foremost requirement Lo reduce cross-polarization if the proper
feed assembly is used; symmetry can not be preserved with a
tripod secondary reflector mount. Either a bipod and support
wires or a guadrapod structure is required. Furthermore, it has
veen shown that the mount's attachment points must be located as
far to the rim of the main reflector as possible. This reduces
lobe structure as not only is there 1less blockage due to the
spars but ualso, if a reasonable illumination taper is employed,
the ¢nergy level impinging upon the attachment points are further
reduced. So as to understand the experimentally determined
importance of the secondary reflection mounting configuration, an
interview was arranged with Wilkinson of GTE International
Svstems in May 1981:

Subreflector Support Assembly. In GThk's

advertising we have noted that the bipod support
structure with two support wires has been employed
to support tLhis subreflector, What are the

advantages of this arrangement?
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In the early days of satellite antennas, GTE
went to a bipod support structure as the antenna
cone angle was small, which caused spherical wave
blockage. The bipod structure was an attempt to
reduce this blockage. The blockage reduced
antenna gain, two large struts were employed to
reduce blockage and wires were added for
stability. Of course the shallow cone angle was
due to having the mounting emanating from the most
central location on the reflector. A larger cone
angle 1is achieved by bringing the attachment
points further out to the edge of the reflector.
GTE has never found a bipod structure to perform
better than a quadrapod structure. They have
found, however, that the quadrapod structure does
affect the sidelobes; and that minimum sidelobes
occur midway between the mounting struts. The
sideliobes are higher in the planes ot the
quadrapod. This effect occurs only for the far
out sidelobes, however, not just the first two or
three.

Ef fect of Structure on Axial Ratio. How does

a quadrapod structure affect the axial ratio?

We have never found an effect on axial ratio
from a quadrapod structure, however, a strong
correlation exists between the feed axial ratio
and the final antenna axial ratio. In fact, as
long as symmetry is employed in the antenna the
overall axial ratio will bce very close to the feed
axial ratio. Anterna symmetry can be determined
by deep nulls and no optical distortion, when this
is the case then the effect of blockage on cross-
polarization is very small. However, our

stringent cross-polarization regquirement does not
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exist very far offtf axis; only down to the -1 dB
level. GTE does measure the axial ratio over the
entire beam to this -1 dB level, and they achieve
0.5 dB axial ratio if the feed axial ratio is less
than or equal to 0.2 dB. It can be seen that the
antenna does add some degradation but it is very
small. In the past few years, confidence in these
antennas has become sufficiently high that the
axial ratio of the entire antenna assembly is no
longer measured during construction but is only
measured during the final testing following
installation. Only the performance of the feed
assenbly is evaluated Dbefore the system |is
shipped.

Optimum Shape of Support Spars. What spar

cross section should be employed to reduce the

backscatter into the feed assembly?

No special cross section has been shown to

reduce cross-polarization backscatter from the

support Swvars.

From the foregoing, it can be seen that a gquadrapod mount
consisting of c¢ylinderical spars attached to the reflector rim
offers he optimal sidelobe and cross-polarization reduction
condition. Furthermore, no structure visible to the subreflector
should be employed to support the feed assembly as such a support
would detract from overall symmetry. This requires the feed
support be wholly contained within a shroud that is, with respect

to secondary reflector, occluded by the feed horn.

B POLARIZER ASSEMBLY

Threc polarisers were considered for this modification: (1)

lossless power divider with an orthomode transducer, (2) short

slot hybrid coupler, orthomode transducer combination, and (3)

sloped septum hybrid. ihach consideration (Figure 16) employcd
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45 degree
1 >< phase shifter
) -45 degree orthomode
phase shifter transducer
Transmitted Polarization by Excitation of
Phase Shifter Stace Pore 1 Pore 2
Out RHC LHC
In Horiz. Vert.

a. Short slot hybrid coupler/orthomode transducer polarizer.

phase
shifter 01
———
14 l-+ ,E 45 degree -—{::::J orthomode
Hl ’/+___ -+ phase shifter transducer
E H hybrid
hybrid 24 2ot tee
tee
-45 degree
@ phase shifter

b. Lossless power divided/orthomode transducer polarizer.

O

mechanical
transfer
switches (2)

hybrid coupler
or magic tee r_

sloped .-;entum/
polaricer

(z}_¥ - R - -

Transmitted Polarization by Excitation of

Transfer Switch State Pore 1 Port 2
Hybrid Coupler Out

(as shown) LKC RHC
Hybrid Coupler In Vert. Rortz.

c. Sloped septum polarizer. Polarizer is rotated 45° with respect
to local vertical.

Figure 16. Various polarizer configurations. Transducer or septum
rotated 45° with respect to local vertical.
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attending phase shifters and attenuators to accommodate all modes
of linear or c¢ircular polarization transmission as well as
reception of transmitted and orthogonal polarizations. The
selection criteria of the appropriate scheme were based upon the
requirement of a minimum 35 dB isolation for <circular
polarization and 25 dB isolation for linear polarization.

Thus far, no single item of the general design has been
shown to limit the overall integrated cancellation ratio of a
polarization diversity radar system to less than -40 dB, however,
if consideration is given to the VSWR of the components attached
to hybrid junction within any polarizer consideration and the
equivalence of hybrid junction isolation with two-way ICR, then
it can be shown that such a ICR is most 1likely unachievable,
while a -35 dB ICR is a realistic anticipation. The validity of
this realivzation exists within the one-to-one mapping of VSWR and
isolation of a hybrid junction (subsection 2.5). From that

subsection, the isolation of hybrid is given by,
I = 20 Loglo (9192)’ (34)

with VSWR reiated to the reflection coefficient by,

o L = VSWR
e 1 ¥ V3SWR

In Table 6, values of isolation versus VSWR of the two pairs of
ports are presented. When reviewing Table 6, it must be realized
that a componcent VSWH requirement of equal to or less than 1.02:1
overrall is generaliy unachievable in microwave components
operating at the trequency of interest for any reasonable
bandwidth, with the sole exception of a corrugated horan.
Achievable minimum VSWR for special order variants of these
components over a small percentage baundwidth is usually in the
1.05:1 to 1.07:1 range. Tais will be a significant driving

function for the polarvivzer choice. We shall analyze each
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TABLE 6. ISOLATION VS VSWR OF

A LiHRID COUPLER

Maximum VSWR of

Maximum VSWR of

Isolation Input Ports* Ouput Ports*x*

-40 dB 1.01 1.041
1.02 1.020

1.04 1.010

~37 dB 1.01 1.084
1.02 1.041

1.05 1.016

1.07 1.012

-35 dB 1.01 1.136
1.02 1.066

1.05 1.026

1.07 1.019

1.10 1.013

-32 dB 1.01 1.290
1.02 1.136

, 1.05 1.053

1.07 1.038

1.10 1.027

1.20 1.014

-30 dB 1.01 1.503
1.02 1.225

1.04 1.086

1.07 1.061

1.10 1.043

1.30 1.015

-27 dB 1.01 2.339
1.02 1.5056

1.05 1.178

1.07 1.125

1.10 1.087

1.30 1.031

2.00 1.012

-25 dB 1.01 4.489
1.02 1.939

1.05 1.298

1.07 1.206

1.10 1.142

1.30 1.0560

2.00 1.019

* The two input ports have tdentical VSwi

** The two output ports have

identical VSWR

70




=

polarizer configuration assuming an attached corrugated horn with

a VSWR value of 1.025:1, require a polarizer isolation of -35 dB
for circular polarization, and then from Table 6 determine that
the high speced RF switch attached to ports 1 and 4 must have a
VSWR of 1.05:1 or less.

3.4.1 SHORT SLOT HYBRID AND CORTHOMODE TRANSDUCER POLARIZER

The reflection from the feedhorn will have little effect
upon the isolation performance of tinis configuration as the
isolation is a function of the VSWR of the combined components in
each arm including phasce shifter, waveguide flanges and bends,
linear-circular polarization transfer switch, and orthomode
transducer, the combined value of which must be less than the
mininmum 1.1:1 VSWR achievable for the transducer alone. Although
the combined VSWR may be significantly reduced by an appropriate
choice and location of matching stubs, such & choice would
present a formidable  task in attempting to "match" all
components, and questions of such a microwave package's

mechanical and thermal stubility would certainly arise.

3.4.2 LOSSLESS POWER DLIVIDER AND ORTHOMODE TRANSDUCER

The input } and H aras of the hybrid tees in the lossless
power divider as shown in Figure 16b do not suffer the same
isolatinon constraints of « hybrid junction unless the reflections
trom the arms 1 and 2 are guadrature. The divider can certainly
be constructed so that such a condition is not achieved over a
small bandwidth. HHowever, taken as an entity the lossless power
divider, when analyzed, exhibits the same characteristics of the
siugle hybrid junction, so that the previous nonachievable
condition is ulso enforced tor the microwave components between
the power divide:r and the orthomode transducer. If less
isolation could be tolerated, then this polarizer does offer the

flexibilivy of transmission in any ellipticity and reception in

that polarization as well as the orthogonal polarization.




3.4.3 SLOPE SEPTUM POLARIZER

Obviously, the polarizer of choice would employ as few
microwave components between itself and the fced antenna so that
the advantage of the low VSWR of the feed anteuna could be
utilized. Therefore, such a device must be capable of directly
generating the proper circular polarization with each waveguide
input. A sloped septum polarizer is such a device. It is
described 1in relétively few papers41’42 and at least one
patent.43 The polarizer is a true hybrid coupler with two input
ports and a common output port; exciting one input port causes
the excitation voltage to be equally divided with one division
receiving a 90° phase lag prior to entering the square common
waveguide output port. Linear polarization is achieved by adding
a hybrid coupler to provide an appropriate 90° phase shift and
allow equal amplitude excitation of the input ports (Figure
16c). This device also obeys the SWR  versus isolation
requirements of the previous polarizers such that a minimum of
attached components must exist in the high isolation circular
polarization mode, while more attached components are tolerated
in the less demanding linear polarization mode. Since transter
switches with a VSWR of less than 1.05:1 are obtainable, a review
of Table 4 demonstrates the possibility of constructing a -35 di
isolation feed assembly utilizing this polarizer if a very low

VSWR corrugated horn feed antenna is employed.

41 D. Davis, O. J. Digiondomenico, and J. A. Kempic, "A New
Type of Circularly Polarized Antenna Klement," Symposium
Digest, 1967 G-AP, pp. 26-33.

42 Ming Hui Chen and G. N. Tsandoulas, "A Wide-Band Syquarc-
Waveguide Array Polarizer,"” I1EEEL Transactions on Anteanas
and Propagation, Vol. AP-21, May 1973, p. 389.

43 J. V. Rootsey, "Tapered Septum Waveguide Transducer," U.S.

Patent No. 3,008,193, May 18, 1976,
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3.5 FEED ANTENNA
Three horn antennas were considered for this modification.

in the previous paragraphs, it was shown that the VSWR, cross-
polarization, and axial ratio demands required a corrugated horn,
but for completeness the three antennas should be described. The
first, a pyramidal horn, can he easily attached to the polarizer,
requires no square-to-circular waveguide transition, and is
inexpensive to manufacture. However, it has been shown
theoretically such an antenna will give rise to relatively high
off-axis cross-polarization 1lobes in two orthogonal planes
rotated 45° with respect to the principal axis44. The same
effect was noted experimentally by GTE3S. The second antenna
under consideration is a circular multitaper horn which will
provide the required reduced cross-polarization at the expense of
-20 dB co-polarized sidelobes and a narrow bandwidth. Since the
third antenna, a corrugated horn, can provide all the
requirements of this design, but at a relatively high cost, the
multitapered design should receive further investigation as it is

inexpeasive to manufacture.

3.6 SUMMARY
3.6.1 ELECTRICAL

In this secection, the theoretical and practical aspects of
the polarization diversity antenna modification to the AFGL S-
band Doppler weather radar have been considered, however, the
information in this report has been sufficiently general so that
it is applicable to other frequencies and designs. An outline of
the specific recommendations of choice for this modification is

presentced in Table 7.

44 ke A. Nelson, "Polarizaition Diversity Array Design (PDAD),"
Gk Aerospace EKlectronic Sys. Dept., Utica, NY, March 1972.
15 Wilkinson and Burdine, Op. cit.
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TABLE 7. RECOMMENDATIONS FOR ANTENNA MODIFICATION
OF S-BAND AFGL WEATHER RADAR

Requirement

Recommendation

Antenna configuration
Number of support spars
Support spar cross-section
Feed/polarizer supports

Secondary reflector

Secondary reflector pattern taper

Feed antenna

Feed antenna VSWR
Polarizer

VSWR at polarizer
Anticipated ICR
Anticipated ICPR

Cassegrain with £/D = 0.6
4

Circular

Entire assembly must be

covered by axisymetric
shroud
Hyperbola with center

half-conical section

About -10 dB on reflector
edges

Corrugated horn

< 1.025:1

Sloped septum

< 1.05:1

-35 dB

Better than -25 dB

83




3.6.2 MECHANICAL

[Little mention has been made of the mechanical requirements
of this modification, however, it is recommended that a complete
static and dynamic structural analysis be performed simultane-
ously with the antenna component design effort. The manufacturer
of the reflector, H&W Engineering of Cohassett, Massachusetts,
has provided a reasonable cost estimate to provide such a
computer-aided mechanical analysis. This analysis will ensure
that the structure is sufficiently stiff to prevent significant
distortion as the antenna is slewed and thereby maintain the
integrated cancellation ratio and sidelobe requirements.
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SECTION 4
MICROWAVE PACKAGE AND RECEIVER

4.1 INTRODUCTION
In this section, we shall no longer evaluate by the best-of-

the-multiple approach concept, but shall consider the
requirements to obtain a solution for converting the antenna
output energy into a baseband signal. That is, we shall confine
the discussion to the hardware necessary to produce the desired
measurement accuracy. From the antenna through the IF amplifier
chain, little deviation is recommended from this design
(Figure 17). Following this, however, as other equivalent phase
detection and line driving schemes exist, these items could be
modified as required. Within this section, little mention will
be made of the transmitter as it is not to be modified save a
possible slight power reduction.

In reviewing Section 4.2, the reader should always be aware
of the 1.2 megawatt peak power output of the transmitter as well
as the unusual maximum expected average power of 1950 watts.
This average power is a result of not only a maximum PRF of
1300 Hertz and a pulse width of 1 microsecond, but also is a
result of the combined energy of two transmitters, one of which
operates at 1/4 the PRF of the "power channel" transmitter. The
pulses of these two transmitters are sufficiently separated in
time to prevent a doubling of the peak power output.

Furthermore, the reader should rcmember the constraints put
forth in Section 2 of an overall amplitude uncertainty less than
or equal to 0.1 dB and phase uncertainty less than or equal to 1
degree. Both of these limits will require careful amplitude and
phase balancing of all channels, careful temperature and
mechanical control, as well as an effective calibration scheme.
This section will detail a microwave package and receiver
electronic design which should perform at those 1limits, while
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Appendix B will list the components chosen for the design. The
study of an effective onsite calibration scheme is left for the
futiure.

4.2 MICROWAVE PACKAGE

The microwave package contains those components which

interface with the transmitter, receiver, and polarizer, and as
such must be capable of operating at the transmitter power level
as well as be able to withstand heating due to losses while
critically maintaining phase and amplitude balance of both
transmitted and received signals. This can only bhe accomplished
if the aforementioned VSWR versus isolation requirements are
maintained and the microwave package/receiver through the second
IF amplifier is thermally stabilized by placement in a
temperature-controlled container that 1is located as close as

possible to the antenna feed assembly.

4.2.1 TEMPERATURE REQUIREMENTS

In most systz2ms with stringent phase and amplitude tracking
regyuirements, the operating temperature of the system enclosure
is chosen such that under the highest ambient tenmperature
conditions dissipated transmitter energy is radiated away and
thermal stability is maintained by heaters alone; such a choice
is not available for the AFGL weather radar modification. In
this instance, the operating temperature of choice is dictated by
maintenance of phase stability of the most unstable component.
Georgia Tech Dbelieves that component to be the microwave
circulator and has performed a cursory phase versus temperaturce
experiment on the present unit. As shown in Figure 18, the
optimum operating temperature for this device is 42.5°C to
45°C. This temperature is uncomfortably close to the maximum
expected ambient temperature inside the radome of approximately
36°C so that a complete heat exchanger system is recommended to

maintain a mean temperature of 44°C. The deviation from this
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mean allowable by the heat exchanger will require further

study. Furthermore, it is suggested that a more extensive set of
measurements over a wider range be performed upon the circulator
to not only confirm Figure 18, but also to determine if other
optimum operating temperatures exist.

Determination of the capacity of the heat exchanger has yet
to be accomplished; however, some points of attention are the
dissipated transmitter energy due to loss of each component in
the transmitter to antenna path and dissipated switching energy
of the high power RF switch. Both of these items will involve
moderate amounts of localized heating which could cause one of
the receiver paths to differentially expand with respect to the
other path, thereby creating a phase imbalance. Prior to the
fabrication of the microwave package/receiver container, a
thorough thermodynamic analysis should be executed.

4.2.2 MICROWAVE IMPROVEMENT NETWORK

In an attempt to improve the VSWR of the components prior to
the polarizer, a microwave improvement network has been included
into the design. Various candidate matching or isolation
improvement schemes exist for this package, but the choice of the
specific solution depends upon the achieved characteristics of
the RF switch and the feed antenna (subsections 2.5, 3.4, and

3.5). One scheme under consideration4®

which will improve only
isolation and overall phase error has been under study at Georgia
Tech. This device as shown in Figure 19a with a variant in
Figure 19b was strongly favored as it is employed in the National
Research Council of Canada (NRC) Ku—band polarization diversity
weather radar. Over the past few months, we have attempted to

improve the isolation of the stock hybrid coupler (Figure 20) and

46 J. S. Hollis, T. G. Hickman, and T. J. Lyon, "Polarization
Theory," Microwave Antenna Measurcments Handbook, Chapter 3,
1970, Scientific-Atlanta, Atlanta, Georgia.
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Figure 19. Potential isolation improvement networks from
Microwave Antenna Measurements Handbook.
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have determined that, unless the waveguide lengths on all arms
are exactly the same, the network has far to narrow a bandwidth
to be of use. Furthermore, for reasonable values of coupling and
attenuation wherein the actual transmitter power is considered,
little isolation improvement is realized.

Another form of microwave improvement device consisting of
various shorted matching stubs similar to that employed in the
Alberta radar can be constructed frém waveguide and
wavepuide tee junctions. To be effective, these stubs require a
precise length and location which are a function of the magnitude
and phase angle of all reflections within the microwave package;
obviously then the length, location, and number of stubs can be
determined only after the characteristics of the other microwave
components are determined. Then by resorting to the intimacies
of a Smith Chart, it is theoretically possible to achieve a
perfect match (1.0:1 VSWR) and the attending isolation at a
single frequency at the expense of lessor isolation at all other

f requencics.,

4.2.3 HIGH PONER RADIO FREQUENCY SWITCH

The radio frequency (RF) switch is the only other device
currently thought to 1imit the performance of this modification
as its isolation requirement must be equal to or better than the
two-way [CR specification. To date, only a -33 dB isolation
between output ports has been achieved in a Ku-Band device;
however, three ferrite switch manufacturers are of the opinion
that a -35 dB isolation is possible, and another manufacturer
contends that a diode switch with this isolation is achievable.

The basic high speed waveguide switch employs a
configuration of phase shifters, magic tee, and short slot hybird
(Faigure 21) so that the switching of transmitted energy between
ocutput ports is achieved by appropriate setting of the phase
shifters. Reception of buckscatter is also available with the

orthogonal polarizations in the respective E and H arms of the
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. Figure 21. Basic high speed radio frequency switch.
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magic tee. Although each of the ferrite designs is differcat,
two manufacturers, Electromagnetic Sciences and Premiere
Microwave Corporation (manufacturers names and addresses are
given in Appendix B), have essentially the same approach to
realizing the isolation requirement; three switches connected in
a series parallel configuration are proposed. Raytheon, on the
other hand, intends to emulafe the previous successful approach
of the Ku-Band switch, wherein a microprocessor based update
network will sample the main and isolated ports and upon a
prearranged schedule adjust the current in each of the phase
shifters to correct for 1isolation deficiency. Since all
variations employ a hybrid coupler in their design, the isolation
limitation is a function of our nemesis, VSWR; in this case, both
external and internal to the switch. Therefore, not only must
the VSWR presented by each port of the switch be tightly
specified so that isolation of the polarizer can be guaranteed,
but the VSWR seen by eacih port of the switch must also be
carefully conirolled.

The power requirements of the switch just exceeded those
which might lower its procurement cost. The peak and average
powers presented to the switch are given by the transmitter
output less an expected waveguide and microwave component loss of
1.9 d3 (Table 8); however, if a least loss case of neglecting the
rotary Jjoint attenuation is assumed, then the maximum power
output expected at the switch is 0.81 MW, with an average power
1.32 W, which exceeds by 2 dB a lower construction cost 500 W
ferrite switch. Atlantic Microwave also expressed similar
reservations due to the cost of components for their proposed 1.0
MW diode switch and implied that a 500 W unit may be offered at a
considerable cost reduction. It is therefore suggested that a
reduced power output be considered as an option within the RFQ
issued for this device.

Another option exists within the design framework of each
ferrite phase shifter, which trades switclhing time and drive
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ITEM

High Power Diplexer
Azimuth Rotary Joint
Elevation Rotary Joint
Waveguide

Circulator

* measured value

LOSS IN TRANSMISSION LINE OF S-BAND AFGL WEATHER RADAR
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powaer requ irements versus insertiion loss. According to
Ruytheon,47 two phase shifter designs exist at this power level;
a marginal design capable of phase change 1in less than 2
microseconds and a slower design with switching times approaching
0.1 milliseconds which may offer 1less loss and greater power
handling abilities. Switching time is mandated by the greatest
range of operation as transmitted polarization cannot be altered
until the final expected return cell has passed 1into the
receiver. From a rudamentary calculation, it does not appear
that microsecond switching speed is necessary, but a final
determination based upon the transmitter as well as processing
requirements must be considered.

Finally the consideration of a mechanical switch should be
broached. Of the varieties that exist, none can approach the
switching time or other performance characteristics of an
electronic device. Shutter switches are in the 10 millisecond
region, rotary switches are an order of magnitude slower, and the
most ingeneous fast rotating devices do not afford the liberty of
variable PRF and cannot attain the sufficiently low VSWR demanded
by the polarizer.

4.2.4 OTHER MICROWAVE COMPONENTS

Two additional microwave components exist in the microwave
package, the circulator and the transmit/receive (TR) switch.
While phase versus temperature measurements have previously been
considered within this subsection, no phase or amplitude balance
information has been ascertained for the TR switch-limiter
assemblies. According to the manufacturer, Microwave Associates
of Burlington, Masschussetts, 1.0 degree phase tracking and O.1
dB amplitude balance cannot be assumed. Georgia Tech advocates
that a complete set of phase balance, amplitude balance, and VSWR

47 D. Milne, manager Ferrite Devices Division, Raytheon Co.,
Northborough, MA, pc¢rsonal communication, 1981.
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versus temperature measurements be completed for these existing
devices before they are incorporated into the radar modification.

As a final recommendation of the microwave package, Georgia
Tech urges that only copper waveguide with similar metal flanges
and elbows (i.e., brass) be employed so that dissimilar metal
corrosion from the slightly salt atmosphere will not be
experienced and the thermal expansion will be 1less than that
experienced by of aluminum waveguide.

4.3 RECEIVER

The suggested receiver (Figure 18) consisting of four
subassemblies will be discussed through, but not including, the
processor. Critical phase and amplitude balance is maintained
throughout by careful component selection, thermal control as the
receiver 1is physically 1located wthin the microwave package
container, and phase/amplitude trimmer assemblies inserted at
strategic locations. Gross phase and amplitude mismatch errors
will be eliminated in software via a look-up table. While this
design has retained a maximum of present components as well as
present operating features, the reader will notice that some
existing hardware is altered to either maintain phase and
amplitude balance or to improve inter-channel isolation.

4.3.1 GENERAL RECEIVER REQUIREMENTS
4.3.1.1 Channel-to-Channel Isolation
This last point must not be ignored because, as the system

isolation is weakened beyond a certain point, overall performance
will suffer. Choosing as a goal a maximum of 10% data corruption
and utilizing the full 35 dB isolation offered by the antenna
feed assembly, then the minimum channel-to-channel isolation must
be 45 dB. This value confirms that of McCormick?® who observed

48 G. C. McCormick, National Research Council of Canada
(retired) Granville Ferry, Nova Scotia, Canada, pcrsonal
communication, 1981
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data corruption as the isolation of the NRC K,~-Band radar
receiver deteriorated to 45 dB; he suggested that to avoid a
conspicuous data error a minimum 55 dB isolation is necessary.
Three deisolation mechanisms exist: (1) cross coupling in the
local oscillator channel (subsection 4.3.1), (2) coupling via
faulty coaxial cables, and (3) coupling via the DC power lines.
Coupling via faulty coaxial cables can be reduced by employing
only copper semi-rigid cables and utilizing a layout which places
high level components as far as possible from low level
components. In the case of the latter, it is recommended that
the layout follow the relative component placement of the block
diagram. Power supply coupling can be reduced by having a
separate power supply tfor each receiver channel, by careful
anodizing of the aluminum enclosure, and by insisting that
insulated wire, not the enclosure, carry return currents; in no
case should a cable shield be employed as a component "ground" or
return.

4.3.1.2 Noise Figure

Noise figure 1is a measure of overall system sensitivity.
Sensitivity can be defined as the minimum signal above the noise
floor from which usable data is proccessable. Since the noise
figure of a system specifies the system's internal noise, for
other fixed overall receiver parameters, an improvement in noise
figure results in an improvement in sensitivity. A low system
noise figure is important as improvement in noise figure provides
the same improvement as a likewise increase in transmitter power
at a considerably reduced cost.

The noise power level of a beamfilling weather radar is
related to the source temperature and the receiver effective
temperature by

W = Ky B(Tg + Togg)s (42)




where: Ky = Boltzmann's constant
= 1.38 x 10~3 Joules/K°
B = effective receiver bandwidth and
Ts = source temperature.

The noise figure of an amplifier is defined by IEEK Standard
62IRE.7.82 adopted in 1962 with respect to 293°K as

(Teff )
NF = 10 log —5—9—3- + 1 ’ (43)
with the quantity in brackets also known as noise factor.
Combining Equations (42) and (43), we have the overall noise
floor,

Noise floor = 10 log {K B~ T  + 293[10g'1(%% -1]}. (44)

b
It can be seen from Equation (44) that, for situatious where
Ts=0(Teff), improvements in noise figure yield slightly better
improvements in overall sensitivity than would be expected from
the noise figure improvement alone, so that a noise floor of
-109.2 dBm/MHz is expected from the observation of ice clouds at
-40°C (223°K) with an overall 5 dB noise figure, while a 3 dB
improvement in overall noise figure will result in a noise floor
of approximately -112.7 dBm/MHz; this is eyguivalent to more than
a doubling of radar range. Another factor which will contribute
to sensitivity degradation in the superhetrodyne receiver |is
reception of the other mixer sideband. Since its bandpass
characteristics are identical to the desired sideband, it
contributes 3 dB of noise. The unwanted sideband can be
suppressed either by a preselector located either prior to the
front-end low noise amplifier or between the amplifier and the
mixer, or by a sideband suppression mixer. If a preselector is
located prior to the amplifier, it adds a front-end insertion
loss which is equivalent to an increase in noisc figure by the
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value of the insertion loss. Usually, however, the presclector
loss is only on the order of 1 dB, so that an overall improvement
results. On the other hand, if a preselecting filter is placed
between the amplifier and the mixer, little sensitivity
degradation will result due to the preselection insertion loss as
the overall receiver noise figure is normally determined by the
receiver preamplifier and the losses associated with the
circuitry between the antenna and the receiver. While this
location 1is appealing by sensitivity considerations alone, it
does not offer preselection of those out-of-band signals which
might cause receiver overload (subsection 4.3.1.3). A sideband
suppression mixer also suffers this fault as well as affording
the minimal preselection of the mixer. However, in order to
preserve the phase characteristics of the receiver (Section
4.3.1.4) a sideband suppression mixer may be the preselector of
choice.

4.3.1.3 Dynamic Range

Two definitions of dynamic range exist: (1) overall dynamic
range defined as the operating range of the receiver from the
noise floor to the 1 dB compression point, and (2) the spurious
free dynamic range (SFDR) defined as the operating range from the
noise floor up to a power level at which spurious signals are
processable. By reviewing the expected return energy for each
form of hydrometeor (Figures 3 to 7) and assuming a minimum radar
range of 1 kilometer, the required receiver 1 dB compression
point can be determined. From the further assumptions of a
transmitter level of +88 dBm and two-way antenna gain of +84 dB,
the maximum expected signal at the receiver input becomes
approximately -8 dBm.

In the general case of a linear receiver, or for those
receivers which contain logarithmic amplifiers, signal
compression usually first occurs in the RF or IF preamplifier

stuges. Care must be cxercised to determine the correct choice

100




of these components as: (1) the 1 dB compression point defined
as the point at which 1 dB of nonlinearity is observed at the
amplifier output for a linear incredase in signal level at the
amplifier input is an order of magnitude more coarse than our
requirement. As a rule of thumb, the 0.1 dB compression point
(the linearity reyuirement for this modification) is
approximately 10 dB less than the 1 dB compression point; (2)
most amplifier manufacturers define the 1 dB compression point as
an output value; therefore, the system designer must be careful
to subtract the amplifier gain from this value so that the 1 dB
compression point may be referenced to the amplifier input.

Utilizing a 4 MHz bandpass (subsection 4.3.1.4), this design
requires a dynamic range extending from the noise floor of -107
dBm to a 1 dB compression point of +2 dBm, or approximately 109
dB. A dynamic range of this magnitude is impossible to achieve,
so that surreptitious methods must be undertaken to expand the
receiver's dynamic range. Generally, an automatic gain control
(AGC) voltage is available to reduce the RF and IF amplifier gain
as the return signal level is increased, however, AGC removes the
power level measurement capabilities of the receiver. One method
to circumvent this situation is to calibrate and monitor an AGC
voltage while the receiver circuitry attempts to maintain a
constant output 1level. This method 1is prone to error at the
upper and lower limits of input signal. Another method, chosen
for this design, circumvents the limited receiver dynamic range
by minimizing the RF amplifier gain and electronically removing
the IF preamplifier when the expected return approaches receiver
compression; the computer is cognizant of this condition and
adjusts its processing accordingly.

The dynamic range of a receiver is also limited by spurious
responses which are accepted by the processor. Two sources of
spurious responses exist: (1) internally generated signals as a
result of totally external sources and (2) 1} responses that are
the products of unwanted local oscillator signals uand external

sources.
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Amplifier spurious response geueration results from the
internal products of harmonic frequencies which are, in turn,
internally generated. In the case of this modification, only a
few spurious frequencies or intermodulation products (IMP) are
created in the 1low noise amplifier that are receptive by the

mixer. Those products are given by49

=

f = + nf. + mf where n,m are integers. (45)

spur - 1~ 2’

For the frequencies of operation of 2710 and 2760 MHz, only those
values for n,m = 1,2 are receptable as shown in Table 9. In most
single frequency receivers, the spurious responses are of no
concern if a signal of opportunity does not exist at a reponsive
trequency. However, if an examination of the receptable
frequencies by the mixer is undertaken (Table 10), a possible
corruption of power channel by velocity channel data, and vice
versa, does exist as the spurious frequency generated from one
channel is in the nearby spectrum receivable by the other
channel. To determine if a processable cross-channel signal
level exists, a fourier transform of the transmitted pulse shape
must be undertaken so that the return energy level within the
cross-channel bandpass can be calculated, following which the IMP
response level of the low noise amplifier must be ascertained.
At present, the exact pulse shape is unknown so that this
calculation can only be approximated. In the next subsection
(4.3.1.4), a worst case approximation and IMP elimination by IF
filtering is considered. The IMP respoase also can be eliminated
by connecting a preselector before the low noise amplifier, but
this wiil result in an increased phase uncertainty and phase

dispersion as well as a slight sensitivity reduction. Therefore,

49 Fo. C. McVay, "Don't QGuess the Spurious ILevel," Electronic
Design, Vol. 3, 1 February 1967, pp. 70-73.
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TABLE 9. SPURIOUS FREQUENCIES GENERATED WITHIN THE LOW NOISE
AMPLIFIER FROM HARMONIC FREQUENCIES

Harmonic Frequency Spurious Frequency
N,M N4 Mfo 2f, - fo 2f, - £,
1 2710 MHz 2760 MHz 2660 MHz 2810 MHz

5420 MHz 5520 MHz

Table 10. FREQUENCIES RECEIVABLE BY MIXER.

Local QOscillator Frequency

LO; LOy
2680 MHz 2790 MHz
2710 MHz 2760 MH,
2650 MHz 2820 Mz
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1L is  suggested that a  frequency spectral analysis of  the
transmitter output be performed prior to receiver finalization
with consideration given to the tradeoff between spurious
response and phase uncertainty data corruption.

Further spurious responses which require consideration exist
within this design. Because of the phase tracking accuracy
requird by this radar, a master oscillator/final amplifier
transmitter with associated phase locked 1loop oscillators is
employed; identical oscillators are also utilized in the 1local
oscillator chain. This type of oscillator is notoriously rich in
spurious response generation not only at the output freguency
plus or minus the reference oscillator frequency, but also at
other unrelated frequencies. Since these levels are sufficiently
intense (-72 dBC) to activate additional reception of unwanted
signals, a high Q cavity filter should be placed between the

local oscillator and the mixer to reduce unwanted reception.

4.3.1.4 IF Filter

The IF filter fulfills two missions: it limits the overall
system noise figure by determining system bandwidth, and it
provides the required selectivity. Exact choice of an IF filter
is not a trivial task as the filter together with the RF
amplifier essentially determines the total receiver
performance. An acceptable video halfpower bandwidth is 1.2
times the transmitted pulse width, to fully receive an amplitude
modulated signal the IF bandwidth must be twice the video
halfpower bandwidth, or in this design 2.4 MHz. However, it will
be shown that a minimum halfpower IF bandwidth of 4 MHz is
required for this receiver. First, it is necessary to determine
the filter skirt selectivity requirement.

The importance of filter skirt selectivity cannot be
overstressed; many designs Jdo not extend fiiter specifications
beyond the bandwidth of the halfpower points which in no manner

specifies the attenuation provided at frequencies further deviant
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from the center frequency. Consider the intermodulation products
which can be generated within the RF amplifier and appear as an
image signal to the mixer to be down converted into the IF
bandpass. The degree of data corruption caused by these IMP
depends on many factors such as the range, type of hydrometecors
observed, the spectral distribution of the transmitter pulse, and
the intended purpose of the measurement. If one were to assume a
rectangular one microsecond transmitter pulse, then the rclative
magnitude of the intruding IMP can be understood. Since only 10
MHz separates the intermediate frequency and IMP signals at the
output of the mixer, it can be seen from Table 11 that relatively
intense signals have the potential to exist on the filter skirts
and even within the filter passband.

Before proceeding, we must show that both the Doppler and
power channel return pulses can occur simultaneously at all four
mixers. This condition takes place whenever two precipitation
cells separated by ct1/2 exist along the axis of the antenna,
where T is the power transmitter to Doppler transmitter inter-
pulse spacing. Next we review the specifications of the existing
LNA (Table 12) to determine the minimum return signal necessary
to create a third order IMP. With a 4 MHz halfpower IF
bandwidth, the output noise floor given by observing cool
precipitation is approximately -77 dBm, so that with a 25 dB
intercept point, a -9 dBm signal (-39 dBm into the amplifier) is
required to generate an IMP at the noise floor (Figure 22).
Since a 1 dB increase in input level will cause a 3 dB increase
in output level for third order IMP, a -38 dim return into the
receiver will begin to cause data corruption if the signal is
allowed to enter the IF amplifier and detector nctwork. When the
total path 1loss including backscatter loss is 1less than the
additive values of transmitter power (88 dBm), two-way antenna
gain (84 dB), and the value at which data corruption is viable,
the received energy will support IMP. From a review of Figures 3

and 4, it can be seen that a return signal exceeding this amount
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TABLE 11. RELATIVE LEVEL OF SPECTRAL SIDELOBES OF A
RADAR EMPLOYING A 1.0 us RECTANGULAR PULSE

Frequency Relative Power
(MHz) of Lobe Peak
o reference
+ 1.5 -13.5 dB
+ 2.5 -17.9
+ 3.5 -20.8
+ 4.5 -23.0
+ 5.5 -24.8
t 6.5 -26.2
t 7.5 -27.4
+ 8.5 -28.5
t 9.5 -29.5
+ 10.5 -30.4

TABLE 12. MICROMEGA LOW NOISE AMPLIFIER SPECIFICATIONS

NOISE

Gain 30 dB

Noise Temperature 90°K

Intercept Point +25 dBm (output)

1 d8 Compression Point +15 dBm (output)
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can be infrequently expected. The climination of this IMP then
depends upon correct choice of interpulse spacing 1 or filter
scolectivity; should control of t be impractical, then the filter
skirt selectivity must be chosen so that the interfering pulse
"sidebands" detailed in Table 10 are attenuated into the noise.
This condition may not be possible as good skirt selectivity and
phase dispersion are divergent from one another in discrete
component planar filters.

Three varieties of these filters exist: Chebishev,
Butterworth, (the limiting case of Chebishev with 2zero passband
amplitude ripple) and Elliptic. In the case of the former, two
fundamental designs exist: flat amplitude ripple or flat phase
ripple across the passband. Another variable of the filter is
shape factor for which, among its various definitions, a useful
definition is the ratio of the -60 dB bandwidth to the -3 dB
bandwidth. If we wish to attenuate the main lobe of the IMP by
60 dB, the required shape factor is 2.5. The theoretical maximum
attenuation with an infinite number of elements, flat phase
design filter, for this shape factor is an insufficient 23
do?. A flat amplitude ripple design with a shape factor of 2.5
requires a minimum of 6 poles and will experience an intolerable
100 degree phase dispersion across its 3 dB bandwidth. Although
designs with 1lesser number of elements (with lesser phase
dispersion) are given in the reference, they are unrealizable due
to the high component Q requirment. Flat amplitude filters can
be matched to each other to provide an overall phase error of 1
degree, but without an external compensation network such
matching is only practical within +0.6 of the halfpower
bandwidth51, so that a 4 MHz half power bandwidth is then

50 Reference Data for Radio Engineers, VI Edition,
(Indianapolis, Indiana: Howard W. Sams and Co. Inc., 1975)
pp. 8-17.

ot Ibid, Figurec 4.
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required to provide adequate phase tracking over a 2.4 MHz
bandwidth. A comparison of these filters with the class of
filters described by Bessel functions, also known as Elliptic
filters, "shows very small deviation between the two cases" 92,
Four options exist then for the choice of filter and reduction of
IMP: (1) choose a discrete element design and attempt to reduce
phase dispersion by attaching a phase equalizing network, (2)
consider a non~planar design such as a SAW filter, (3) raise the
intermediate frequency so that the IMP is sufficiently removed
from the IF passband to be severely attenuated, or (4) carefully
adjust 1 and the radar PRF so that the IMP signal is not created
within the amplifier.

4.3.2 INDIVIDUAL RECEIVER SECTIONS, INCIDENTAL NOTES

4.3.2.1 Diplexer
In the previous subsection, the demands of the preselector

and LNA were demonstrated. Little information can be added
concerning the reciever '"front-end", save a note on the
diplexer. This device should be capable of a minimum of

filtering; its primary function is to provide isolation between
the receiver channels. The reader should be aware that many
diplexers are constructed of high pass/low pass filters and as
such will afford no attenuation for large bands of frequencies as
well as provide minimal attenuation within 15 percent of the
"split" frequency; such devices could be replaced by a less
costly hybrid coupler. The proper diplexer must contain two
bandpass filters which are a compromised design between low phase
dispersion and reasonable skirt selectivity.

52 M. S. Ghausi, Principles and Design of Linear Active
Circuits, (New York, NY: McGraw-Hill Book Co., 1965).
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4.3.2.2 Local Oscillator and Mixer
The local oscillator chain retains all of the present

components while adding additional components to provide
increased isolation, phase balance, and amplitude balance. The
increased losses of these items require a slight amplification of
the local oscillator signal level so that the mixers will be
operated in their 1lowest distortion region. By additionally
increasing this amplification, high intercept point mixers can be
employed with the result that the overall receiver intercept
point (or 1 dB compression point) is wholly determined by the RF
amplifier. To maintain coherency the original radar utilized
phase locked loop oscillators, a filter following this oscillator
is required to reduce the high spurious output of the oscillator
from entering the mixer as these spurious responses will allow
the receiver to capture unwanted signals. Since spurious signals
occur within 600 kHz of the local oscillator frequency, only a
high Q, thermally stable, cavity filter is indicated. Isolation
of reflected energy between this filter and oscillator is also
necessary to prevent oscillator "pulling” and generation of

additional spurious responses.

4.3.2.3 1F Amplifier and Filter
Because of the expected high level of return energy for some

targets and because AGC cannot be used, disconnecting the IF
preamplifier for intense returns to achieve an additional 20 dB
of dynamic range has been proposed. Additionally, a small
attenuator is to be employed prior to the logarithmic amplifier
in this mode of operation to optimize the overall dynamic range
as well as provide channel-to-channel amplitude balance. The
function of the attenuator shown between the bandpass filter and
the IF preamplifier in the more sensitive mode of operation is to
prevent IF preamplifier oscillation and pulse ringing that has
been obscrved in past designs. This attenuator could also be
optimized to maximize the dynamic range.
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4.3.2.4 Phase Detection and Video Amplification
The proposed phase detector is only conceptually shown and

may not be the detection scheme of choice. The video amplifiers
however are a proven Georgia Tech design and not only have
internal compensation for the amplitude dispersion of the 1long
coaxial cable run to the data processor but also have sufficient
output to overcome the losses imposed by the smaller coaxial
cables.
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SECTION 5
SUMMARY & RECOMMENDATIONS

This section summarizes in Tables 13-16 the technical design
requirements of the polarization diversity modification to the
AFGL S-band Doppler weather radar; within these tables is also
the reasonable level of expected performance.

Recommended components to achieve these characteristics are
listed in Appendix A.
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TABLE 13. SUMMARY OF SYSTEM REQUIREMENTS

Integrated cancellation ratio (ICR)
Allowable error in ICR

Maximum expected ICR

Integration limits of ICR

Integrated cross-polarization ratio (ICPR)

Maximum expected ICPR
(based upon component VSWR)

Allowable ervror in differental reflectivity
Antenna overall VSWR
Microwave package overall VSWR

Overall phase tracking error
Overall amplitude tracking error
scattering mairix measurement

differential reflectivity measurement

~35 dB min
3 dB max
=37 dB

through 2nd
copolarized
sidelobe

-23 dB min
-30 dB

0.1 dB
< 1.025:1

consistent with
isolation

£ 1.0 degree

< 0.23 dB
£
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TABLE 14. SUMMARY OF ANTENNA REQUIREMENTS

Requirement

Recommendation

Antenna configuration
Number of support spars
Support spar cross-section
Feed/polarizer supports

Secondary reflector
Secondary reflector pattern taper

Feed antenna

Feed antenna VSWR
Polarizer

VSWR at polarizer
Anticipated ICR
Anticipated ICPR

Cassegrain with f/D = 0.6
4
Circular

Entire assembly must be
covered by axisymetric
shroud

Hyperbola with center
half-conical section

About -10 dB on reflector
edges

Corrugated horn

<€ 1.025:1

Sloped septum

< 1.05:1

-35 dB

Better than -25 dB
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TABLE 15. SUMMARY OF MICROWAVE PACKAGE REQUIREMENTS

RF Switch isolation output arms
input arms

RF switch VSWR ports towards antenna
ports towards transmitter
and receiliver

Improvement package
Waveguide material
Temperature of operation

Recommended components

35 dB min
35 dB min

1.05:1 max
consistent with
isolation req't

as required
copper WR284
43°C + 1/2°C
see Appendix A

TABLE 16. SUMMARY OF RECEIVER REQUIREMENTS

Phase stubility

Amplitude stability

Dynamic range

Spurious free dynamic range

Noise floor inc. microwave pkg. loss
Temperature of operation

Recommended coaxial cable
Recommended component connectors
Recommended components

€ 1.0 deg

< 0.1 dB

109 dBm

TBD

-106 dBm

43°C

0.141" Dia. semirigid
APC-7 or APC-3.5

see Appendix A
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APPENDIX C

A PROGRAM TO CALCULATE AVERAGE ANTENNA GAIN
DUE TO BEAMFILLING OF AN EXTENDED TARGET

Given the 3 dB beamwidth this program determines the

mainbeam gain vs assumed filled beamwidth wusing a gaussian

antenna pattern approximation. The program is written 1in

Microsoft Basic.

10
20
30
35
40
45
50
60
70
80
90
100
110
120
130
140
150
160
170
180
190
200
210
220
230
240
250
260
270
280
290
300
310
320

REM AVGPWR

CLS

Input "3dB BEAMWIDTH IN DEGREES?"; B
A = 1.66511/B

Input "ANGLE OVERWHICH POWER IS TO BE AVERAGED?"; T(1)
T = T(1)/2

DIM P(10)

N(1) = 1

GO SUB 80

FOR N=1 to 10

PRINT "N="; N

N(2) = N(1)*N

PRINT "N!="; N(2)

N(4) = (A*T) 4+ (2*N)

PRINT "(AT) ¢+ 2N="; N(4)

N(3) = ((-1) + N)

PRINT "(-1) + N = "; N(3)

N(5) = (2*N)+1

PRINT "2N+1 = "; N(5)

P(N) = ((N(4))*(N(3)))/((N(2))*(N(5)))
PRINT "P(N) = "; P(N)

FORM=1 to 3000: NEXT M

CLS

P(0) = P(0) + P(N)

P =P(0) +1

PRINT “SO FAR THE SUMMATION BQUALS ";P
PRINT "THE NEXT NUMBER IS: "

N(1)=N(2)

IF N=10 THEN GO TO 300

NEXT N

RETURN

PRINT "FOR BEAM ANGLE "; T ;" DEGREES"
Q =(20*(0.43429*(LOG(P)))

PRINT "THE AVERAGE POWER IS REDUCED BY: "; Q ; " DB"
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